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ABSTRACT 

(Distribution  Limitation  Statement  A) 

A  pulsed  10.6  micron  laser  emitting  20  Joules  energy  at  a  peak 
power  of  3  megawatts  has  been  used  to  study  laser-supported  detonation 
waves  in  air,  The  thresholds  for  igniting  these  absorption  waves 
have  been  determined  for  various  metals,  plastics,  and  painted  surfaces 
in  air.  It  is  found  that  the  intensity  thresholds  vary  from  6  x  10^ 
watts/cm^  for  painted  surfaces  to  4,5  x  10^  vatts/cm^  for  silica  at 
standard  atmospheric  pressure.  Such  a  detonation  wave  is  found  to 
change  features  late  in  the  laser  pulse  becoming  a  subsonic  absorption 
wave  with  a  long  luminous  column  of  plasma  filling  the  laser  beam. 
Time-resolved  interferometry  with  an  argon  laser  and  interf erograms 
with  a  pulsed  mby  laser  show  the  ignition,  growth,  and  decay  of  both 
the  detonation  wave  itself  and  of  the  radial  shock  waves  which  are 
produced.  These  interf erograms  have  been  transformed  to  determine 
the  spatial  variation  of  the  densities.  Spectroscopic  studies  have 
been  made  showing  both  time-integrated  and  time-resolved  temperatures. 
The  most  prominent  lines  are  those  of  singly  ionized  nitrogen  and 
oxygen  when  detonation  waves  are  ignited  from  ref lective  metals .  At 
lower  intensities,  however,  target  species  are  observed.  Impulse 
and  pressure  measurements  were  made  with  a  linear  velocity  transducer 
and  an  acousto-optic  pressure  transducer.  These  measurements  indicate 
tne  radial  and  time-dependence  of  the  shock  waves  on  the  target  surface. 
Theoretical  calculations  of  the  propagation  of  subsonic  laser-supported 
combustion  waves  have  been  performed  using  analytical  techniques  and 
approximations  to  thermodynamic  and  transport  properties  of  air. 
Threshold  laser  intensities  greater  than  10^  watts/cm  2  are  needed  in 
order  to  overcome  radiation  losses,  and  in  addition,  higher  thresholds 
are  found  co  be  beam  diameter  dependent.  The  analysis  includes  the 
decrease  with  distance  of  the  intensity  of  the  laser  beam  through  the 
plasma  and  considers  effects  of  boundaries  on  the  observed  propagation 
velocities. 
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SECTION  I 
INTRODUCTION 


1.1  OBJECTIVE 

The  ultimate  limit  to  the  power  densities  which  can  be  propagated 
from  a  laser  to  a  target  is  caused  by  air  or  particulate  induced 

breakdown.  Recent  experimental  work^^  indicates  that  the  cold  air 

9 

breakdown  threshold  under  standard  conditions  is  about  q  ■  2  x  10  watts/ 

cm  ,  and  we  will  regard  this  as  the  ultimate  limit  for  propagation 

of  10. 6t  energy  in  the  atmosphere.  It  appears,  however,  that  the  most 

serious  limitation  to  laser  energy  transfer  to  targets  is  not  caused 

by  breakdown  but  is,  in  fact,  caused  by  the  ignition  of  various  types 

7  9 

of  laser-supported  absorption  waves.  At  high  intensities  (10  <q<10 

2 

watts/cm  )  supersonic  laser-supported  detonation  waves  are  formed 

while  subsonic  laser-supported  combustion  waves  can  propagate  at  even 

4  6  2 

lower  intensities  (10  <c<10  watts/cm  ).  The  purpose  of  thio  investi¬ 
gation  is  to  experimentally  determine  ignition  thresholds  and  to 
provide  sufficient  diagnostics  on  the  spatial  and  temporal  development 
of  laser-supported  detonation  waves  to  allow  a  comparison  between 
theory  and  experiment.  In  addition,  however,  a  theoretical  study 
is  made  of  the  propagation  of  laser-supported  combustion  waves.  Laser- 

supported  detonation  waves  were  first  observed  experimentally  by 

(2) 

Ramsden  and  Savic  while  laser-supported  combustion  waves  were 

(3) 

first  observed  by  Bunkin  as  stationary  optical  discharges. 

The  importance  of  laser-supported  detonation  waves  (LSD  waves) 
and  laser-supported  combustion  waves  (LSC  waves)  arises  because 
they  can  absorb  a  large  fraction  of  the  laser  power  incident  on  target. 
When  a  high-power  10. 6|;  laser  beam  interacts  with  a  solid  target, 
however,  it  may  or  may  not  ignite  such  laser-supported  absorption 
waves.  The  determination  of  whether  ignition  occurs  depends  on  many 
factors  including:  (1)  atmospheric  pressure  and  species,  (2)  targ.et 
material  and  state  of  the  surface,  (3)  laser  wavelength  and  pulse 
length,  and  (4)  laser  intensity.  In  the  absence  of  any  significant 
ionization  in  the  vapor  produced  at  the  solid  surface,  the  laser  beam 
is  transmitted  without  attenuation  and  reaches  the  solid.  As  pointed 


1 


out  by  Raizer^’^'^ ,  however,  a  high-temperature  plasma  (such  as 
vaporized  metal)  can  ignite  LSD  or  LSC  waves  which  then  travel  down 
the  collimated  laser  beam  absorbing  most  of  the  power. 

1.2  APPROACH 

Because  of  the  complexity  of  the  physics  of  laser  interaction 
with  solids,  a  number  of  experiments  (several  thousand  laser  shots) 
were  performed  with  the  Boeing  Marx  Bank  Laser.  After  passing 
through  various  optics,  such  as  wedges,  lenses,  and  mirror  required 
for  beam  diagnostics  and  steering,  between  15  and  18  joules  of  laser 
energy  at  10. 6u  wavelength  is  available  for  target  interaction 
experiments.  Further  data  on  characteristics  of  the  beam  and  laser 
reliability  are  given  in  Appendix  A. 

Section  II  discusses  some  of  the  general  features  of  laser 
interaction  with  solid  targets  and  indicates  the  classes  of  waves 
that  exist.  In  particular,  high-speed  photographs  of  laser-supported 
detonation  waves  are  shown  as  well  as  certain  slower  waves.  These 
include  various  laser-supported  vapor  jets  from  the  target  as  well  as 
laser-supported  combustion  waves  ^  .  The  dependence  of  LSD  wave 
velocity  on  both  laser  intensity  and  ambient  pressure  is  determined 
by  use  of  streak  photography  and  a  vacuum  system  where  absorption 
waves  are  found  down  to  pressures  of  8  Torr.  A  cross  beam  absorption 
experiment  is  described  in  which  an  auxiliary  CC^  laser  beam  is 
refracted  and  absorbed  by  the  plasma  produced  by  the  LSD  wave. 

Section  III  discusses  interferometric  data  and  shadow  graphs 
of  LSD  waves  and  target  jets  taken  with  a  ruby  laser  synchronized  with 
the  Marx  Bank  high  power  CC^  laser.  By  counting  fringes  of  these 
interferograns ,  one  determines,  by  an  Abel  inversion,  the  variation 
of  the  index  of  refraction  of  the  plasma  with  radius.  Time-resolved 
interferometry  is  also  performed  with  an  argon  laser  in  conjunction 
with  the  streak  image  converter  camera. 


2 


Section  IV  discusses  both  time-integrated  and  time-resolved 
spectroscopy  of  laser-supported  absorption  waves.  Various  target 
materials  are  examined  as  well  as  viewing  the  "wave"  at  various 
positions  from  the  target  surfaces.  Dy  identification  of  spectral 
lines,  one  can  determine  that  LSD  waves  contain  mainly  singly  ionized 
air  species.  At  lower  intensities  one  can  "see"  both  tar^  r*  soectra 
and  air  spectra. 

Section  V  discusses  the  laser  intensity  required  to  ignite 
absorption  waves  from  over  twenty  different  target  materials  including 
metals,  plastics,  and  painted  surfaces.  The  laser  ignition  thresholds 
are  also  determined  as  a  function  of  ambient  pressure. 

Section  VI  discusses  measurements  of  target  response  in  terms 
of  impulse,  material  removal,  and  target  surface  pressures.  Impulse 

i.,  measured  with  a  linear  velocity  transducer  and  it  is  observed, 

(78)  (9 ) 

confirming  prev  iou  s  measurement  s  v  ’  and  theoretical  predictions  , 

that  impulse  is  nearly  proportional  to  target  area  when  LSD  waves 

are  ignited.  An  acousto-optiral  pressure  transducer  was  used  to  make 

pressure  measurements  in  the  vicinity  of  the  LSD  wave. 

Section  VII  is  a  theoretical  discussion  of  laser-supported 
combustion  waves  (LSC  waves)  determining  velocities  of  propagation 
in  the  presence  of  radial  conduction  losses,  optical  emission,  and 
solid  boundaries. 
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SECTION  II 

GENERAL  FEATURES  OF  LASER-SUPPORTED  ABSORPTION  WAVES 


Different  ry  .  laser-supported  absorption  waves  (LSA 

wave.')  ^ ^ ^  are  generated  and  account  for  luminous  phenomeia 

whiH;  occur  near  solid  targets  placed  at  the  focus  of  a  high-power 

laser  beam.  At  intensities  an  order  of  magnitude  below  the  breakdown 

(12) 

intensity  for  the  gaseous  medium  (usually  air)  traveling  plasmas 

propagate  away  from  the  target  along  the  incident  laser  beam  and 
are  called  laser-supported  detonation  waves  (LSD  waves).  At  even 
lower  intensities,  slower  laser-supported  combustion  waves  (LSC 
waves)  appear. 

Several  techniques  have  been  used  to  analyze  these  LSA  waves 
and  these  are  discussed  in  separate  subsections  below.  The  most 
heavily  used  technique  of  visible  optical  observation  using  die  TRW 
image  converter  camera  with  streak  and  framing  capability  has 
produced  a  wealth  of  data,  some  of  which  will  he  presented  here. 

2.1  OPTICAL  OBSERVATION? 

Typically,  one  observes  for  high  intensities  a  clearly  defined 
isolated  supersonic  spark  traveling  up  the  laser  beam.  At  lower 
intensities  near  threshold,  one  observes  with  the  image  converter 
camera  slower  waves  with  a  luminous  column  extending  to  the  target 
surface.  These  near-threshold  conditions  are  probably  some  variant 
of  an  absorption  wave.  (Perhaps  a  laser-supported  combustion  wave?) 
In  any  case,  the  laser  energy  appears  to  be  absorbed  in  the  plasma 
as  discussed  below. 

Most  of  die  photographs  have  been  made  with  an  inclined  target 
which  allowed  a  clear  discrimination  of  an  LSA  wave  from  vapor  jets 
of  target  material  as  the  latter  move  along  a  normal  to  the  target 
surface.  Spherical  shock  waves  also  appear  with  the  vapor  jets  and 
are  called  laser-supported  blast  waves  (LSB  waves).  On  the  other 
hand,  [, SA  waves  move  backwards  along  the  beam,  which  makes  an  angle 
(typically  30  )  with  the  target  normal.  Figure  1  allows  a  typical 
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blast  wave,  while  figure  2  shows  a  typical  LSA  wave. 


Not  all  targets  ignite  LSA  wavea  even  at  very  high-power 

densities  incident  on  the  target.  The  formation  of  a  LSB  wave,  ahovm 

2 

in  figure  1,  from  a  silica  target  occurred  at  25  MW/cm  .  Note  that 
the  blast  waves  do  not  travel  up  the  laser  beam.  The  photos  shown  in 
figure  1  were  made  after  a  "preliminary"  laser  pulse  was  incident 
on  the  target  surface  and  die  ignite  a  laser-supported  detonation 
wave  equivalent  to  the  one  shown  in  figure  2.  Apparently,  the  first 
laser  pulse  "cleans”  the  target  surface  sufficiently  that  no  surface- 
im.uced  breakdown  occurs. 

Figure  2  shows  the  propagation  of  a  laser-supported  detonation 
wave  traveling  md  the  laser  beam.  This  particular  wave  was  ignited 
from  a  metallic  target  and  shows  detonation  waves  for  times  less 
than  aoout  7-  sec-  These  LSD  waves  are  characterized  by  a  narrow 
supersonic  absorption  front.  As  the  LSD  wave  moves  up  the  focused 
beam,  the  laser  intensity  drops  both  due  to  the  increasing  beam 
area  and  due  to  the  laser  power  decrease  with  time,  fit  some  critical 
laser  intensity,  the  propagation  maintenance  conditions  are  not 
satisfied  and  the  LSD  wave  degenerates  into  a  long  luminous  column 
eventually  extending  to  the  targ <r.. 

The  iirst  observations  of  detonation  waves  were  performed  using 
&  40 -cm  focal  length  mirror.  The  materials  to  be  examined  were 
attached  to  an  aluminum  block  set  so  that  the  laser  beam  axis  made 
a>'  ouglo  of  30°  with  the  target  normal.  The  axial  target  position 
was  adjusted  so  that  the  focal  spot  occurred  at  the  jrface  of  the 
tested  material.  Under  these  conditions,  an  elliptical  laser  spot  of 
the  4  mm  major  axis  by  the  3  mm  minor  axis  appears  at  the  target. 

When  the  specularly  reflected  laser  light  from  the  target  is  collected 
and  focused  on  a  gold-doped  germanium  detector,  one  can  determine  when 
shielding  of  the  surface  exists.  This  kind  of  measurement  of  the 
laser  power  reaching  the  target  surface  is  very  useful  in  determining 
the  presence  of  absorbing  plasmas  since  weakly  absorbing,  laser 
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Figure  2:  LASER-SUPPORTED  DETONA  TiON  WA  VES- 


sparks  can  also  be  produced  at  target  surfaces.  For  our  available 
laser  energy,  the  craters  produced  in  either  metals  or  opaque  targets 
are  not  deep  enough  to  reflect  the  laser  beam  out  of  the  collecting 
optics. 

When  the  laser  intensity  at  the  target  is  very  high  (greater 
than  threshold),  LSD  waves  are  ignited  in  less  than  .5  microsecond. 

On  the  other  hand,  when  the  intensity  is  too  low,  one  observes  a 
target  reflected  signal  nearly  identical  to  the  incident  laser 
pulse.  The  detector  that  monitors  the  target  reflected  laser  radiation 
shows  that,  near  threshold,  the  ignition  of  a  LSD  wave  occurs  later 
in  the  laser  pulse.  Because  of  this,  it  appears  that  target  heating 
is  Important  and  that  either  surface  impurities  or  target  material  is 
va — irized  leading  to  ignition  of  a  LSD  wave.  This  obviously  indicates 
that  metallic  reflectivity  is  important. 

The  existence  of  LSA  waves  was  confirmed  by  observing  the 
direction  which  the  luminous  fronts  leaving,  the  target  material 
traveled.  There  is  no  ambiguity  concerning  the  existence  of  detonation 
waves  ignited  at  high  laser  intensities  from  metallic  targets.  For 
absorbing  targets  such  as  Lucite,  Lexan  and  other  plastic  and  organic 
materials,  however,  a  more  complicated  situation  exists.  For  laser 
intensities  below  or  near  the  threshold  for  igniting  LSD  waves,  these 
opaque  materials  are  vaporized  and  the  vapor  jets  interact  with  the 
background  gas  (air)  to  produce  luminous  blast  waves.  As  mentioned 
previously,  these  vapor  jets  tend  to  be  ejected  in  the  direction 
of  the  target  normal.  Near  threshold  for  ignition  of  LSD  waves, 
however,  it  becomes  difficult  to  distinguish  between  the  blast  wave 
and  the  detonation  wave  uince  both  have  similar  appearances.  The 
image  converter  camera  shows  that  both  events  can  be  present  at 
different  times  in  the  same  laser  pulse. 

In  order  to  observe  laser-supported  absorption  waves  at  lower 
pressures,  a  vacuum  chamber  was  constructed  and  is  shown  in  figure  3. 
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Figuet  *  CELL  FOR  PRESSURE  DEPENDENCE  TESTS  OF  L5DW. 


It  has  two  NaCl  windows,  one  to  admit  the  incident  beam  and  one  to 
allow  a  detector  to  monitor  the  reflected  beam.  A  Kistler  pressure 
transducer  was  inserted  to  measure  the  pressure  transients  which 
occur  during  and  after  the  LSD  wave  ignition.  Such  transition  pressure 
measurements  were  studied  in  detail  at  1  atmosphere  for  a  titanium 
specimen,  and  many  multiple  sound  wave  reflections  are  seen  as  indicated 
in  figure  4.  The  <’DC"  pressure  rise  of  .1  atm  is  consistent  with 
the  chamber  volume,  specific  heat,  and  laser  energy  and  indicates 
most  of  the  laser  energy  is  absorbed  by  the  LSD  wave. 

As  the  air  pressure  in  the  vacuum  chamber  is  reduced,  the 
boundaries  of  the  LSD  waves  become  increasingly  less  clear.  At 
pressures  below  .1  atmosphere,  image  converter  photographs  of  the  ^ 

laser-supported  absorption  waves  gradually  tend  to  appear  more  and 
more  like  "blast  waves"  as  seen  in  figure  i .  In  addition,  one  observes 
by  monitoring  the  specularly  reflected  beam,  that  complete  plasma 
blocking  occurs  for  shorter  and  shorter  times  as  the  ambient  gas 
pressure  decreases 

For  a  target  such  as  silica,  one  can  observe  both  laser-supporr ted 

absorption  waves  and  laser-supported  blast  waves  during  the  same 

laser  pulse.  An  example  is  shown  in  figure  6  for  which  the  peak 

7  2 

laser  intensity  was  2.8  x  10  watts/cm  .  During  the  initial  high- 
intensity  part  of  the  laser  pulse,  a  LSA  wave  was  ignited  but  also 
quickly  extinguished.  By  the  time  of  5psec,  a  silica  vapor  jet 
has  been  formed  and  has  produced  a  laser-supported  blast  wave  as 
indicated  by  the  spreading  of  the  luminous  zone  perpendicular  to  the 
laser  beam. 

ion-hlghly  absorbing  plasmas  can  also  be  formed  when  laser  beams 

7  2 

interact  with  targets  at  peak  intensities  less  than  1.2  x  10  waite/cm'. 

An  example  of  such  a  case  is  shown  in  tigure  7  where  one  observes  sub¬ 
sonic  laser-supported  absorption  waves  traveling  both  in  the  usual 
direction  (opposite  to  the  laser  propagation  direction)  and  in  the 
direction  of  the  specularly  reflected  beam.  These  LSC  waves,  traveling  in 
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Figure  4 


PRESSURE  TRANSIENTS  AFTER  A  LASER-SUPPORTED  DETON  A  TION  WA  VE:  TITANIUM 
SPECIMEN.  AIR  AT  0.2  ATMOSPHERES  (UPPER  TRACE  5  MS/OIV.  0. 10  A  TMOSPHERES/DI V, 
LOWER  TRACE  1  MS/OIV.  0.  IOA  TMOSPHERES/OtV 1 346  J /CM? . 
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LASER  BEAM 


Figure  5.  LASER-SUPPORTED  BLAST  WA  VE  PRODUCED  FROM  A  TITANIUM  TARGET 
AT 0.01  ATMOSPHERE  WITH  230 J/CM? AFTER  10  ^SECONDS. 

SPECIMEN  NORMAL  IS  30°  ABOVE  HORIZONTAL . 


LASER  BEAM 


Figure  6:  LASER-SUPPORTED  0  ETON  A  TION  WA  VE  AND  A  BLAST  WA  VE  PRODUCED 
FROM  A  FUSED  SILICA  TARGET  AT  0.05  ATMOSPHERE  WITH  194J/CM2 
AFTER  5  ^SECONDS.  SPECIMEN  NORMAL  IS  30°  ABOVE  HORIZONTAL. 
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LASER  8EAM 


Figure  7;  REFLECTED  BEAM  LASEfbSUPPORTEO  ABSORPTION  WAVES  PRODUCED  FROM  AN 
ANODIZED  A  L  UM/NUM  SPECIMEN  A  T  ONE  A  TMOSPHERE  AND  C7  J/CM*  AT  13  tfECS. 
SPECIMEN  NORMAL  IS  30°  BELOW  HORIZONTAL 


LASER  BEAM 


SPECIMEN  NORMAL  IS 
30°  ABOVE  HORIZONTAL 


SPECIMEN  NORMAL  IS 
30°  BELOW  HORIZONTAL 


Figure  3:  SURFACE  PHENOMENA  ACCOMPANY  LASER-SUPPORTED  ABSORPTION  WA  VES 
PRODUCED  FROM  AN  ALUMINUM  SPECIMEN  WITH  A  0.001  CM  GLOSS  BLACK 
LACQUER  PAINT  CO  A  TING.  ONE  A  TMOSPHERE  AND  173J/CM2  AT  15  f*SECS 


both  directions,  are  evidence  for  low  laser  beam  absorption.  Additional 
evidence  for  the  formation  of  LSC  waves  is  shown  in  figure  8  which 
indicates  the  long  absorption  lengths  that  occur  at  lower  laser 
intensities.  In  this  case,  an  LSD  wave  was  initially  ignited  but 
had  degenerated  ii\to  an  LSC  wave  as  the  laser  intensity  decreased 
later  in  time  (15p8ec)  during  the  pulse.  One  can  clearly  note 
the  luminous  column  tending  to  follow  the  contour  of  the  tarpet. 

This  type  of  behavior  is  discussed  in  Section  VII,  where  one  notes 
that  heated  air  in  a  LSC  wave  accelerated  in  the  beam  direction. 

Soda  glass  is  an  interesting  example  of  a  target  which  ignites 
laser-supported  detonation  waves  easily  and  also  is  very  absorbing. 
Figure  9  shows  a  late-time  photograph  of  the  luminosity  produced 
at  such  a  target  by  a  beam  energy  much  larger  than  that  required  to 
just  reach  the  threshold  of  ignition.  At  this  last  time,  the  initially 
ignited  detonation  wave  has  degenerated  into  '  long  luminuous  column 
of  plasma  extending  to  the  target  surface.  This,  in  turn,  indicates 
that  laser  energy  reaches  the  surface  and  can  vaporize  the  target 
material.  In  this  case,  the  resultant  vapor  jet  has  produced  a  blast 
wave  by  interacting  hydrodynamically  with  the  air.  A  blast  wave 
is  again  observable  as  the  bright  vertical  line  in  figure  9. 

Occasionally  other  anomalies  occur  in  the  appearance  of  laser- 
supported  absorption  waves.  As  an  example,  one  sometimes  observes 
a  forked  shaped  appearance  of  the  absorption  front  as  seen 
in  figure  10.  This  may  indicate  some  form  of  instability  related  to 
the  temperature  or  density  profile. 

As  indicated  previously  in  figure  8,  the  hot  gas  ejected  in  the 
laser  beam  direction  and  toward  the  target,  when  LSC  waves  are  ignited, 
tends  to  follow  the  target  contour.  This  effect  is  also  shown  in  figure 
11,  but  in  addition,  one  observes  that  the  ejected  hot  gas  appears 
not  to  actually  reach  the  target  surface.  The  smallest  bright  spots 
on  the  target  surface  were  obtained  as  the  result  of  an  earlier,  short 
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LASER  BEAM 


Figure  9  :  LASER  SUPPORTED  BLAST  WAVE  WHICH  DEVELOPS  AFTER  THE  DECAY  OF  A  LASER- 
SUPPOR  TED  0  ETON  A  TION  WA  VE.  SODA  GLASS  SPECIMEN  AT  ONE  A  TMOSPHERE  IS 
NORMAL  TO  THE  INCIDENT  BEAM  Wl  TH  233  J/CM*  AFTER  20  nSECS. 


LASER  BEAM 


Figure  ID:  LASER-SUPPORTED  A  BSORP  TION  WAVE  WhH  A  FORKED  FRON  T  WHICH 
DEVELOPED  FROM  A  LUCITE  SPECIMEN  AT  ONE  ATMOSPHERE  WITH  346 
J /CM2  AFTER  10  ^SECONDS.  SPECIMEN  NORMAL  IS 30°  ABOVE  HORIZONTAL. 
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REFLECTED  POWER  INCIDENT  POWER 


t  «  15.5  MS 


LASER  BEAM 


t  =  15  JiS 


t  -  0.5  /iS 


Figure  1 1;  OOUBL E  EXPOSURE  SHOWING  L  ASER  SUPPOR  TED  COMBUSTION  WA  VE  EXHA  UST  DOES 
NOT  REA CH  THE  SPECIMEN  A F  TER  IGNI TION.  0.001  CM  GLOSS  BLACK  l  A COUER  ON 
A  L  UMINUM  SPECIMEN.  166  J/CM*  A  T  ONE  A  TMOSPHERE.  SURF  A  CE  IS  SHOWN  BY  LOW 
INTENSITY  BEAM  IN  SECOND  EXPOSURE.  SPECIMEN  NORMAL  30°  ABOVE  HORIZONTAL 


TIME  (^SECONDS  AFTER 

TRW  CAMERA  TRIGGER) 


LASER 

BEAM 


Figure  12:  REIGNITION.  THE  OSCILLOSCOPE  PH.  TUBE  ON  THE  LEFT  SHOWS  THE  INCIDENT  POWER 
INVER  TED  ON  THE  UPPER  TRA  CE  A  NO  /  HE  REFL  ECTED  POi  'ER  ON  THE  L  OWER  TRA  CE. 
TRIANGLES  SHOW  THE  TIMES  WHEN  TRW  FRAMING  CAMERA  PICTURES  WERE  TAKEN. 
THESE  PICTURES  ARE  SHOWN  A  1  1  HE  RIGHT.  THE  LEAD  SPECIMEN  NORMAL  IS  30° 
ABOVE  THE  HORIZONTAL.  RE<GNITION  OCCURS  AT  C.  302  J/CM*  AT  0.1  ATMOSPHERE. 
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time-delay  photograph.  A  double  exposure  was  then  made  with  a  second 
laser  pulse  showing  the  indicated  structure  of  the  luminous  hot  gas. 
Apparently,  heat  conduction  at  the  target  surface  causes  this  flowing 
gas  to  cool  and,  as  a  consequence,  stop  radiating. 

Laser-supported  detonation  waves  ignited  and  traveling  away 

from  a  solid  target  "see"  a  continually  decreasing  laser  intensity. 

This  is  due  both  to  the  focused  laser  beam  geometry  which  leads  to 

an  increasing  beam  area  as  well  as  due  to  the  decrease  of  the  laser 

power  for  times  greater  than  3psec.  At  some  critical  laser  intensity, 

the  LSD  wave  will  not  be  maintained  as  the  absorption  length  of  the 

plasma  becomes  too  great.  This  increase  of  the  absorption  length 

is  clearly  observable  by  the  increased  luminosity  of  the  plasma 

(13) 

column.  This  "bleaching"  wavev  is  the  effect  of  heatinp  the 
plasma  originally  formed  by  the  passage  of  the  LSD  wave. 

When  the  laser  intensity  reaches  the  target  surface  for  the 
second  time  ,  a  re-ignition  of  laser-supported  absorpLion  waves  can 
occur  as  shown  by  figure  12.  This  is  observed  by  the  time  variation 
of  the  reflected  power  from  the  target.  This  reflected  power  is 
seen  to  first  increase  at  about  3.5usec  and  then  abruptly  decreases 
at  about  4.5usec  as  re-ignition  of  the  absorption  wave  occurs. 
Re-ignition  of  absorption  waves  is  more  evident  in  the  streak 
photograph  of  figure  13.  This  re-ignition  occurs 

simultaneously  with  an  increase  in  surface  luminosity  indicating  that 
either  target  vaporization  or  desorption  of  atmospheric  gases  leads 
to  ignition. 

2.2  LSD  WAVE  VELOCITY  DEPENDENCE  ON  BACKGROUND  PRESSURE 

As  mentioned  previously,  there  is  a  clearly  defined  luminous 
LSD  wave  shock  front  for  intensities  well  above  ignition  threshold. 

A  streak  photograph  (figure  14)  taken  with  the  TRW  image  converter 
camera  shows  this  narrow  absorption  zone.  In  addition,  however,  one 
notes  a  number  of  striations  in  the  luminosity  which  are  similar  to 
those  observed  by  Alcock^^  in  studies  of  gas  breakdown  by  high- 
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intensity  laser  beams.  From  figure  13  one  notes  a  nearly  constant 
velocity  of  the  absorption  zone  of  the  laser-supported  detonation 
wave.  Thus,  slope  measurement  leads  to  an  accurate  determination  of 
velocity  of  the  LSD  wave.  This  approach  was  used  to  determine  the 
dependence  on  both  intensity  and  ambient  pressure.  The  tests  were 
conducted  with  both  aluminum  and  lead  targets  because  their  ignition 
thresholds  were  low  and,  hence,  allowed  observation  of  LSD  waves 
under  wider  variations  in  both  laser  Intensity  a..d  ambient  pressure. 
Velocities  were  determined  by  the  initial  slope  found  on  the  streak 
photographs.  Streak  photographs  taken  at  lower  image  magnification 
such  as  shown  in  figure  14  show  both  the  initial  fast  velocity 
(approximately  Mach  10)  as  well  as  the  final  deceleration  of  the 
absorption  wave. 

Re-ignition  of  laser-supported  absorption  wave9  is  evident 
in  the  streak  photograph  shown  in  figure  13  where  one  also  notes  the 
appearance  of  a  hot  and  luminous  target  surface.  This  indicates  that 
the  plasma  formed  after  re-ignition  is  of  low  absorptivity. 

The  velocity  of  LSD  waves  is  plotted  in  figures  16 

and  17  versus  (1/p)  where  I  is  laser  Intensity  and  p  is  background 

mass  density  in  g/cm3.  Theory predicts  a  velocity  dependence 
1/3 

of  (I/p)  ,  and  these  predictions  are  Jicated,  showing  a  good 

agreement  with  experiment.  A  more  useful  comparison  between  theory 
and  experiment  can  be  obtained  by  numerically  Integrating  the  theoretical 
dependence  of  velocity,  v,  as  dependent  on  laser  intensity  as  given 
by  Raizer(15). 


v(t,z)  -  -  J2 (y2  -  Dl/pj1^3  (1) 

In  equation  1,  z  is  the  axial  position  of  the  LSD  wave  along 
the  laser  beam,  y  is  the  ratio  of  specific  heccs,  I  is  the  laser 

intensity,  and  p  is  the  ambient  gas  background  density.  Using 

-3  3 

p  “  1.22  x  10  g/cm  and  y  -  1.17  for  T  -  15,000  K  as  discussed 
by  Zel'dovich  and  Raizer^^,  one  obtains 
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Figure  13:  TRW  STREAK  CAMERA  PICTURE  OF  A  LASER-SUPPORTED  DETONA  TION  WA  VE 
DEVELOPED  FROM  A  7075  ALUMINUM  SPECIMEN  AT  311J/CM2  AND  ONE 
ATMOSPHERE.  SPECIMEN  NORMAL  IS  30°  ABOVE  HORIZONTAL. 
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Figure  14;  TRW  STREAK  CAMERA  PICTURE  OF  A  LASEfbSUPPORTED  DETONA  TION  WA  VE 
DEVELOPED  FROM  A  LEAD  SPECIMEN  AT 302  J/CM2  AND  ONE  A  TMOSPHERE. 
SPECIMEN  NORMAL  IS  30°  ABOVE  HORIZONTAL. 
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Figure  1 5:  TRW  STREAK  CAMERA  PICTURE  OF  A  LASER-SUPPORTED  DETONATION  WAVE  WHICH 
EXHIBITS  REIGNITION  ANO  LA  TER  SPECIMEN  HEA  TING.  LEAD  SPECIMEN  HAS  ITS 
NORMAL  30°  ABOVE  HORIZONTAL  WITH  180  J/CM2  AT 0.05  ATMOSPHERE. 
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LASER-SUPPORTED  DETON  A  770, V  WA  VE  VEL  0CIT1ES  AS  A  FUNCTION  OF  LASER 
BEAU  INTENSITY  DIVIDEO  BYMEDIUU  DENSITY.  7075  AL  UMINUU  SPECIMEN. 


dz 

dt 


^6.05  x  10-9  I(z,t)j1/3 


cm/usec 


(2) 


where  c  Is  time  in  usee,  z  la  position  in  cm,  and  l(z,t)  ia  laser 
intensity  in  watts/cm.  As  noted  from  figure  2,  the  laser  power  versus 
time  consists  of  two  pulses  with  peak  powers  occurring  approximately 
at  .Spsec  and  3.1usec. 

Analytical  approximations  to  the  power  versus  time,  P(t),  are 
defined  by 


P(t)  *  |A(t)  +  B(t)  J  Megawatts 

where  A(t)  represents  the  earliest  pulse  with  a  peak  of  2.6  at 
.5psec  while  B(t)  has  a  peak  of  1.8  at  approximately  3.]usec. 


A(t)  - 


8.36  e 


1.2/t 


t2  (1  +  e1'2^)2 


B(t) 


194 

t2  u  +  e7-Wt)2 


Megawatts 


(3) 


The  numerical  results  given  in  equation  3  are  for  a  total  delivered 
energy  of  15.4  Joules.  This  result  is  shown  in  figure  18  and  is  used 
only  in  solving  equation  2. 

This  laser  beam  is  focused  on  targets  to  produce  LSD  waves. 

In  our  case,  the  beam  converges  from  7.6  cm  to  .24  cm  diameter  with 
a  28-cm  focal  length  lens.  The  focal  area  as  a  function  of  axial 
position  z  from  the  minimum  focal  area  is 

2  2 

beam  area  ■  (.045  +  .058z  )cm 


and  the  laser  intensity  is 
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FIGURE  18  :  ANALYTIC  FUNCTION  A  +  B  FITTED  TO  MARX  BANK  LASER  POWER 


P  (t)  2 

I(2’C)  “  beam  ire  a  Megawatts/cm 

Equation  2  has  been  numerically  integrated  for  our  laser  pulse  and 
the  result  plotted  in  figure  19,  where  the  experimental  results  are 
also  indicated.  The  initial  LSD  wave  velocity  is  approximately 
3.8  x  10^  cm/sec  showing  good  agreement  with  experiment. 

2.3  REFRACTION 

Laser-supported  detonation  waves  can  produce  a  significant  free 
electron  density^^.  The  local  index  of  refraction  will  increase 
with  the  electron  density  and  may  become  large  enough  to  cause 
measurable  refraction.  If  the  absorption  length  is  not  too  large 
and  if  the  front  of  the  laser-supported  detonation  wave  has  some 
radial  curvature,  some  of  the  incident  beam  will  be  refracted. 

We  attempted  to  find  if  such  refraction  is  important  in  the 
detonation  wave  geometry  used  in  our  experiments.  The  focal  spot 
diameter  of  the  Marx  Bank  laser  beam  is  0.24  cm  when  the  beam  is 
focused  by  the  28-cm  focal  length  KC1  lens.  A  target  was  prepared 
whose  diameter  is  0.5  cm  and  which  was  supported  at  the  beam  waist 
(minimum  focal  area)  by  a  narrow  arm.  Laser-supported  detonation 
waves  were  formed  in  front  of  It  in  the  usual  way  and  the  beam  which 
was  neither  abcorbed  nor  refracted  was  blocked  by  the  target.  A 
15-cm  diameter  focal  length  mirror  was  placed  behind  this  target 
so  that  it  imaged  the  target  on  a  AutGe  detector.  As  the  laser- 
supported  detonation  wave  moved  away  from  the  target,  its  image  moved 
closer  to  the  mirror.  The  detector  was  placed  to  intercept  the 
entire  beam  which  originates  from  the  LSD  wave  for  positions  from 
the  target  surface  to  2  cm  away  from  the  target  as  shown  in  figure  20. 

The  beam  can  possibly  be  refracted  in  angle  between  0  and  180°, 
however,  the  15-cm  diameter  mirror  could  collect  only  refraction 
angles  between  0  and  22°.  The  maximum  half -angle  of  the  converging 
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Figure  19:  THEORi 


Figure  20 :  LASER -  SUPPORTED  DETON  A  TION  \NA  VE  REFRACTION  MEASUREMENT  APPARA  TUS. 


laser  beau  was  8°.  A  series  of  disks  was  prepared  which  masked 
off  Che  center  of  the  mirror  in  steps  of  8°,  10°,  12°,  15°,  and 
18°.  This  arrangement  permitted  the  quantities  of  radiation 
refracted  between  0°-22°,  8°-22°,  10°-2?°,  12°-22°,  15°-22°  and 
18°-22°  to  be  measured  by  the  detector.  A  narrow-band  filter 
centered  at  10. 6p  was  placed  in  front  of  the  detector  which  allowed 
differentlon  between  the  refracted  laser  beam  power  and  the  LSD 
wave  black  body  or  line  spectra. 

Results,  which  have  not  been  thoroughly  subjected  to  tests 
for  systematic  errors,  showed  refraction  of  laser  beam  power  of  che 
order  of  a  few  percent  within  the  22°  acceptance  cone  of  our  apparatus. 
Temporal  behavior  in  each  angular  zone  was  different  from  the  other 
zones  but  was  repeatable.  A  contribution  from  black  body  or  line 
spectra  was  seen  at  all  angles  in  addition  to  whe  refraction  10. 6p 
radiation.  Figure  21  shows  both  the  total  IR  seen  by  the  detector 
and  the  radiation  passed  by  the  narrow-band  filter  when  the  mirror 
annulus  defining  the  acceptance  cone  has  half  angles  of  8°  and  10°. 

The  broad-band  radiation  peaked  at  4-8  microseconds,  but  the  10. 6p 
radiation  didn't  peak  until  lOpsec.  This  late  refraction  seems 
sensible  only  if  the  refraction  was  occurring  well  in  front  of  the 
target  and  the  actual  angle  was  close  to  or  less  than  the  beam 
convergence  angle.  Figure  22  shows  the  radiation  passed  by  the 
narrow  l0.6p  filter  for  each  mask.  In  general,  at  higher  angles 
the  peak  occurred  later.  Note  that  the  radiation  seen  inside  the 
8°  cone  is  appreciable  and  occurs  early  in  the  laser  pulse. 

The  incremental  energy  refracted  per  unit  solid  angle  is 
shown  in  figure  23.  This  is  narrow-band,  10. 6u  radiant  energy, 
and  there  is  a  falloff  with  increasing  solid  angle.  Similar  behavior 
would  be  expected  for  refraction  by  a  convex  lens  whose  index  of 
refraction  is  always  less  than  one  and  which  as  a  function  of  radius 
monotonically  reaches  a  minimum  at  the  center.  This  is  equivalent 
to  a  plasma  core  with  a  radial  electron  density  which  peaks  at  .  *  0. 
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DETECTED  POWER  (V) 


Figurt  22.  10.6a  POWER  COLLECTED  WITH  ANNULAR  ACCEPTANCE  CONES 
N  -22°  WHERE  N  =  CP,  OP.  UP,  12°,  15°,  AND  18°. 
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Fi&re  23:  I0.6n  REFRACTED  ENERGY/SOLID  ANGLE  FROM  A  LASER-SUPPORTED  DETONATION  WAVE. 


2.4  TRANSMITTED  LASER  ENERGY 

The  plasma  induced  by  the  laser-supported  detonation  wave  was 
studied  by  an  auxiliary  laser  beam  from  a  CW  CO^  laser.  A  schematic 
diagram  of  the  experimental  arrangement  is  shown  in  figure  24.  The 
CC>2  probe  laser  (Sylvania  Model  648  with  a  power  output  of  2  watts) 
was  operated  in  a  single  mode  and  had  an  output  beam  approximately 
1  mm  in  diameter.  Since  the  probe  laser  had  some  temporal  fluctuation 
it  was  necessary  to  continuously  monitor  its  output.  This  was  done 
by  placing  a  chopper  (B)  ir.  the  probe  laser  path  and  chopping  at  a 
frequency  of  approximately  1  kc. 

The  Marx  Bank  Laser  is  then  fired  only  when  the  gold-doped 
germanium  detector  indicates  maximum  probe  power.  Thus,  one  oscillo¬ 
scope  monitors  the  relatively  slow  chopped  time  dependence  of  the 
probe  laser  and  also  sends  a  delayed  trigger  to  the  Marx  Bank  Laser. 
The  high-speed  transmitted  probe  intensity  is  then  monitored  with  a 
separate  oscilloscope. 

Since  the  LSD  wave  plasma  is  cylindrical  and  is  about  3  mm 
in  diameter,  it  acts  like  a  diverging  lens  spreading  out  the  probe 
laser  beam.  The  lens  (C)  was  intended  to  direct  the  refracted  beam 
to  the  detector.  The  narrow  bandwidth  filter  (F)  greatly  reduced 
the  amount  of  optical  energy  originating  in  the  LSD  wave  itself 
which  reached  the  detector.  In  addition,  care  was  taken  to  reduce 
the  scattered  high-power  laser  energy  from  reaching  the  detector. 

An  example  of  the  transmitted  laser  intensity  is  shown  in 
figure  25.  There  is  a  small  amount  of  scattered  10. 6p  laser 
energy  from  the  Marx  Bank  Laser.  The  time  delay  to  the  abrupt  drop 
in  transmitted  signal  is  caused  by  the  distance  of  the  probe  laser 
beam  in  front  of  the  target  plane,  z  =  .64  cm.  After  the  initial 
delay,  one  notes  that  the  transmitted  signal  is  essentially  zero  for 
a  period  of  35psec  or  more.  Comparing  figures  25a  and  25b,  one 
notes  a  longer  time  delay  before  loss  of  transmission  in  the  lower 
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Figure  24.  EXPERIMENTAL  ARRANGEMENT  FOR  MEASURING  TRANSMISSION  OF  A  C02  LASER 
BEAM  THROUGH  A  LASER-SUPPORTED  DETONATION  WAVE.  A  IS  A  MIRROR.  B  ISA 
CHOPPER  USED  IN  ORDER  TO  OBTAIN  ZERO  LEVEL  IN  THE  PRESENCE  OF  A 
FLUCTUATING  LASER  OUTPUT.  C  IS  A  GERMANIUM  FOCUSING  LENS.  D  IS  A  1  MM 
APERTURE.  AND  EISA  NARRCW-BANQ  FILTER. 


energy  LSD  wave.  Figure  25c  shows  Chat  the  transmitted  signal 
remains  essentially  unattenuated  (or  unrefracted)  for  times  greater 
than  50psec. 

From  the  time  delay  till  probe  signal  cutoff,  as  observed  in 
figures  25a  and  b,  one  can  determine  the  intensity  variation  of  LSD 
wave  velocity.  (This  was  done  with  a  more  appropriate  sweep  speed 
of  lpsec/division. )  These  data  indicates  that  the  LSD  wave  velocity 
V  is 


V  « 
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(5) 


where  E  is  the  laser  energy  (or  intensity).  This  result  is  consistent 
with  ttitoretical  expectations  of  LSD  wave  theory  indicated  by  equation 
1. 


lhe  interpretation  of  the  data  of  figure  25  is  not  completely 

understood  since  refractive  effects  are  not  ruled  out.  As  seen 

from  the  data  of  Hora^,  an  electron  density  of  n  :  10^  at  a 

e 

temperature  of  1  eV(ll,600°K)  leads  to  an  absorption  coefficient  k 


k  .  10  cm 


(6) 


T’nis  means  the  transmitted  laser  intensity  throe;’ i  the  3-mm  diameter 
LSD  plasma  would  be  about  5  percent.  This  is  consistent  with  throughput 
observations  given  in  figure  25.  On  the  other  han.i,  the  plasma  lens" 
would  cause  a  probe  laser  beam  angular  divergence  fc  of  approximately 


UJ 


n 

-  radians 

1019 


(7) 
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For  n  •  10^® 
e 


one  would  obtain  a  probe  beam  divergence  of 


6-0.1  radian 


(8) 


It  la  necessary,  in  our  experimental  arrangement,  to  place 
the  lens  (C)  at  a  distance  of  about  65  cm  from  the  plasma  in  order 
to  reduce  scattered  Marx  Bank  Laser  energy  and  to  reduce  intense 
optical  radiation  from  reaching  the  detector.  In  this  case,  as 
seen  from  equation  8,  one  expects  that  the  probe  CO  2  beam  (even 
without  absorption)  would  be  completely  refracted  away  from  the 
aperture  of  the  lens  (C) .  For  this  reason,  one  cannot  claim  nearly 
100  percent  attenuation  of  the  probe  laser  in  the  LSD  plasma.  A 
more  careful  experiment  at  higher  frequency  appears  necessary  in 
order  to  accurately  determine  absorption. 
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SECTION  III 

INTERFEROMETRIC  PHOTOGRAPHY 

An  evenc  with  a  nonuniform  index  of  refraction  will  refract 
and  change  the  phase  of  light  which  passes  through  it.  Laser-supported 
absorption  waves  are  composed  of  plasma,  compression  waves,  and 
rarefaction  waves  accompanied  by  vapor  evolved  from  the  target 
surface.  Each  of  these  alone  will  modify  the  initial  index  of 
refraction  distribution,  and  all  taken  together  produce  complex 
changes. 

Interferometry  compares  the  phase  of  an  unaffected  reference 
beam  with  the  phase  of  a  second  beam  which  passes  through  the  event. 

In  the  limit  of  small  changes  and  essentially  no  refraction,  the 
interef erence  pattern  produced  and  recorded  in  a  film  plane  can  be 
analyzed  to  reconstruct  the  index  of  refraction  distribution.  An 
additional  limitation  to  analysis  is  the  possibility  of  two  competing 
contributions  to  the  refractive  index  since  neutral  species  retard 
the  phase  while  excess  electron  densities  advance  it.  The  summed 
refractive  index  can  be  determined  In  many  cases  where  the  individual 
components  of  it  cannot.  For  electrons,  the  index  of  refraction,  n, 


where  is  the  plasma  frequency.  For  neutral  species,  on  the  other 
hand,  (n-1)  is  proportional  to  the  species  density. 

In  a  single-pass  interferometer,  the  phase  change  is  seen  as 
fringe  shifts,  with  one  dark  (or  light)  fringe  for  each  2ti  of  phase 
change  between  beams  or  for  each  differential  change  in  path  length 
of  one  wavelength.  For  a  single-species  neutral  disturbance,  one 
f  inds 


37 


(9) 


A  AF 

L  (no-l) 


where  equation  9  is  strictly  valid  for  a  uniform  plane  slab  of  gas 

of  density  p  and  an  initial  density  pq.  In  equation  9,  1  is  the 

vacuum  wavelength,  L  is  the  slab  thickness,  and  cq  is  the  index  of 

refraction  of  a  gas  of  density  o  .  (For  air,  at  standard  pressure, 
-4  0 

(n  -1)  -  2.9  x  10  .)  For  a  fully  ionized  disturbance,  on  the  other 

c 

hand,  one  finds 


u  2 
-JL- 


(n  -1) 
o 


(10) 


2  2 

where  we  have  assumed  that  /&>  <<1.  Equation  10  shows  that  the 
addition  of  electrons  to  the  perturbing  media  has  qualitatively  the 
same  effect  as  removing  the  neutral  species.  Equations  9  and  10 
are  approximations  based  on  uniform  density  plane  slabs.  More 
detailed  calculation8^20,21’22,2^,2^,2'^  of  realistic  geometries 
and  allowing  density  gradients  have  been  previously  considered 
and  these  results  have  been  used  in  the  following  analysis. 

3.1  RORY  LASER  INTERFEROGRAMS 

A  ruby  interferometer  was  used  to  study  laser-supported  absorp¬ 
tion  wave6  and  vapor  jet  interaction  with  air  and  a  schematic 
diagram  of  the  experiment  is  shown  in  figure  26.  This  is  a  double¬ 
pass  Michelson  interferometer  which  doubles  the  fringe  shift  but 
which  also  reduces  the  spati  il  resolution  since  during  only  one  of 
the  two  passes  through  the  event  is  it  focused  on  the  film.  A 
Pockels  cell  was  used  to  Q-switch  the  ruby  laser  at  a  preselected 
time  during  the  LSA  wave.  A  narrow-band  filter  and  complete  light 
baffle  shielded  the  film  from  the  intense  light  of  the  LSA  wave. 
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A  modification  of  this  setup  produced  a  single-pass  Mach- 
Zehnder  interferometer  arrangement  as  shown  in  figure  27.  Mirrors 
1  and  2  were  replaced  by  corner  cube  reflectors  which  separated  the 
beam  in  the  target  vicinity  into  one  element  traveling  in  each 
direction.  The  nature  of  the  ambient  interference  pattern  of.  the 
film  changed  from  an  adjustable  fringe  spacing  to  a  pattern  with 
only  one  fringe  which  occurs  when  the  reference  and  sample  beams 
are  collimated. 

In  all  the  data  discussed  below,  the  beam  area  followed  the 
indications  given  in  equation  4  with  a  minimum  focal  diameter  of 
2.4  mm  and  with  the  target  at  that  position.  By  use  of  appropriate 
lenses  and  spacings,  the  interferometer  was  arranged  to  give  a 
magnification  of  3.17  on  the  interferograms .  Figure  28  is  an 
example  of  a  strong  LSD  wave  propagating  away  from  the  inclined 
target  surface  and  up  the  laser  beam.  The  appearance  of  these 
interferograms  is  significantly  different  from  ordinary  photographs 
which  show  only  the  luminous  regions.  There  is  clearly  a  conical 
shape  whicli  shows  the  radial  propagation  of  the  shock  wave  created 
by  the  LSD  wave.  This  travels  outward  to  the  region  beyond  the 
luminous  core.  Fear  the  target,  some  indication  of  vapor  coming 
from  the  surface  is  seen.  Most  of  the  fringe  shift  occurs  near  the 
shock  wavefront,  however,  resolution  is  lost  at  the  propagation  front 
of  the  LSD  wave  itself,  and  significant  darkening  appears  as  seen 
in  figure  28. 

Additional  features  of  the  propagation  of  the  LSD  wave  and 
absorption  of  the  ruby  laser  wavelength  (,694u)  are  shown  in  the 
shadowgram  (figure  28)  which  was  obtained  by  blocking 
the  reference  arm  of  the  interferometer.  Further  features  of  the 
growth  of  the  LSD  wave  first  shown  in  figure  28  are  given  in  figures 
29,  31,  and  32.  These  interferograms  were  obtained  on  successive 
Marx  Bank  Laser  shots  by  varying  the  time  delay  to  the  Fockels  cell 
shown  in  figure  26.  This  process  is  useful  here  due  to  the  high- 
reliability  of  the  laser. 
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FOCKELSCELL 


■ZEHNDen  INTERFEROMETER  USED  TO  VIEW  LASER-SUPPORTED  ABSORPTION  WA  VE. 


SHADOWGRAM  FOR  LASER-SUPPORTED  OETONA  TION  WA  VES 
WHICH  ARE  IGNITED  AT  A  30°  ALUMINUM  TARGET  BY  J5J 
LASER  BEAMS. 


f 


I 


43 


Figure  30 :  REFRACTIVE  INDEX  OF  A  LASER-SUPPORTED  DETONATION 

WA  VE  5.5  MICROSECONDS  AFTER  ITS  IGNITION  AY  A  30P 
ALUMINUM  TARGET  8Y  A  15J  LASER  BEAM.  THISISSHOINN 
AS  A  FUNCTION  OF  RADIUS  FOR  Z=98CM. 


Figure  3L  GROWTH  OF  A  LASER-SUPPORTED  ABSORPTION  WA  VE  WHICH  CONTINUES  AFTER  LASER- 
SUPPORTED  DETONATION  WA  VE  CONDITIONS  NO  LONGER  EXIST.  DOUBLE-PASS 
INTERFEROGRAMS  SHOW  THREE  TIMES  AFTER  THE  LASER-SUPPORTED  DETONA  TION 
WAVE  IGNITION  AT  A  30°  ALUMINUM  TARGET  BY  A  15J  LASER  BEAM. 
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TWO  TIMES  AFTER  THE  LASER-SUPPORTED  DETONATION  WAVE  IGNITION  AT  A  30°  ALUMINUM 
TARGET  BY  A  I5J  LASER  BEAM. 


The  method  for  converting  fringe-shift  data  obtained  from  the 
interf erograms  to  plots  of  d-insity  versus  radius  is  given  in  Section 
3.3,  however,  a  result  of  this  analysis  is  given  in  figure  30.  The 
ratio  (n-l)/(no~l)  is  equal  to  gas  density  ratio  (p/pq)  when  the 
electronic  contrioution  to  the  refractive  index  is  negligible.  The 
data  presented  in  figure  30  were  obtained  by  counting  fringes  on  the 
interferogram  taken  at  5.5usec  after  ignition  given  in  figure  29, 
and  at  the  axial  position  of  I  ■  .98  cm,  where  ~z  is  the  average 
height  above  the  inclined  target  surface.  The  sharp  dip  at  the 
origin  may  be  an  artifact  of  the  analysis  procedure,  but  the  picture 
is  clearly  one  of  a  radial  compression  wave  followed  by  a  rarefaction. 
The  quantity  (n-l)/(no~l)  is  directly  proportional  to  density  in  the 
absence  of  competing  electronic  refractive  index  changes. 

The  total  mass  within  the  0.5-cm  radius  disk  does  not  seem  to 
be  conserved  if  we  look  at  this  curve  and  consider  only  neutral 
species  contributions.  Radial  integration  over  this  volume  would 
require  the  peak  in  (n-l)/(no-l)  to  reach  about  4  for  mass  conserva¬ 
tion.  Otherwise,  there  is  a  30-percent  error  in  mass  conservation. 
This  contradiction  and  the  necessary  resolution  of  the  problem  in 
terms  of  electron  densities  and  longitudinal  mass  flow  is  discussed 
below. 


A  series  of  radial  plots  for  different  values  of  the  average 
longitudinal  distance  from  the  target  is  shown  in  figure  33.  These 
correspond  to  the  four  cuts  across  the  llpsec  interferogram  in  figure 
32  at  z  •  .87,  1.14,  1.4  and  1.7  cm.  These  all  are  very  similar  and 
again  show  the  compression  and  rarefaction  regions. 

When  the  Mach-Zehnder  configuration  of  the  interferometer  as 
shown  in  figure  27  is  used,  one  obtains  high  resolution  data  since 
the  event  is  focused  on  the  film  and  refractive  edge  effects  are 
thereby  minimized.  The  overall  appearance  of  LSD  waves  studied  by 
both  the  single-pass  and  double-pass  interf erograms  is  unchanged 
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33/  REFRACTIVE  INDEX  OF  A  LASER-SUPPORTED  ABSORPTION 
WAVE  It  MICROSECONDS  AFTER  THE  IGNITION  OF  A  LASER- 
SUPPORTED  DETONA  TION  WAVE  AT  A  30°  ALUMINUM  TARGET 
BY  A  ISJ  LASER  BEAM.  THIS  IS  SHOWN  AS  A  FUNCTION 
OF  RADIUS  FOR  FOURZ 


except  that  the  number  of  fringe  shifts  is  halved  as  shown  by  the 
comparison  presented  in  figure  34.  The  three  lines  60°  apart  are 
the  prism  edges  of  the  two  retroref lectors.  The  improved  resolution 
in  the  single  pass  picture  allows  the  propagating  end  of  the  LSD 
wave  to  be  seen,  indicating  the  complicated  fine-grained  absorption 
and  refraction  processes  which  occur.  Radial  plots  of  mass  density 
or  (n-D/Cr.^-l)  are  shown  for  these  photographs  in  figures  35  and  36. 

As  the  incident  laser  intensity  is  reduced  on  an  aluminum 
target,  the  sharp  features  of  the  LSD  wave  are  lost  and  one  obtains 
a  long  luminous  plasma  column  in  the  vicinity  of  the  beam.  An 
example  of  thi^  laser-supported  blast  wave  is  shown  in  figure  37 
at  an  intensity  level  approximately  .9  that  needed  to  support  a 
strong  LSD  wave.  This  shock  wave  is  clearly  spherical  and  not 
conical  in  shape  and  travels  at  relatively  high  velocity.  On  the 
interf erogram ,  the  shock-wavefront  is  seen  to  be  much  wider  than 
the  compression  wave  for  a  LSD  wave.  Assuming  spherical  symmetry 
of  this  shock  wave,  one  can  analyze  the  density  profile  at  any  chord 
of  the  sphere.  Such  an  analysis  has  been  performed  for  the  cut  at 
7  =  .51  cm  and  the  results  are  shown  in  figure  38  as  a  plot  of 
(n-l)/(no-l)  versus  the  radial  coordinate  perpendicular  to  t he  laser 
beam  axis.  It  is  interesting  to  note  that  a  numerical  integration 
of  the  mass  density  profile  shown  in  figure  38  yields  a  total  mass 
constant  to  within  5  percent  of  that  gas  mass  originally  lying  within 
the  .77-cm  radius  disk.  At  the  present,  no  self-consistent  interpre¬ 
tation  of  this  empirical  observation  is  offered. 

The  LSA  waves  ignited  from  absorbing  targets  can  also  be  studied 
with  interferometry  and  one  clearly  observes  evaporated  material 
leaving  the  surface  with  its  momentum  nearly  normal  to  the  surface. 
This  can  be  seen  in  figure  39  which  indicates  that  at  times  of  10 
and  20  microseconds,  the  evaporated  silica  material  flows  closely 
behind  the  air  shock-wavefront  and  has  well  defined  boundaries. 

The  overall  event  has  a  spheroidal  shape  rather  than  a  spherical 
one,  and  the  location  of  maximum  negative  fringe  shift  is  found  to 
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Figure  3L  a- DOUBLE-PASS INTERFEROGPAM  OF  A  LASER-SUPPORTED  DETONATION  WAVE 
'  5.5  MICROSECONDS  AFTER  I TS IGNI TION  AT  AN  A  L  UMINUM  TARGET  BY  A  1SJ 
LASER  BEAM. 


Figure  Vib.INTERFEROGRAM  OF  A  LASER-SUPPORTED  0  ETON  A  TION  WA  VE  5  MICROSECONDS 
AFTER  ITS  IGNITION  AT  AN  ALUMINUM  TARGET  BY  A  J5J  LASER  BEAM. 
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Figure  37:  DOUBLEPASS  INTERFEROGRAM  OF  A  LASER-INDUCED  SHOCK  WAVE  WITH  POSSIBLE 
TARGET  VAPOR  W  MICROSECONDS  AFTER  ITS  INITIATION  AT  A  30°  ALUMINUM 
TARGET.  THE  INCIDENT  LASER  BEAM  HAD  6.  U  WHICH  WASSLIGHTL  Y  SMALLER 
THAN  THE  LASER-SUPPORTED  DETONA  TION  WA  VE  IGNITION  THRESHOLD. 
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38.  REFRACTIVE  INDEX  OF  A  LASEfHNDUCED  SHOCK  WA  VE  WITH 
POSSIBLE  TARGET  VAPOR  10  MICROSECONDS  AFTER  ITS 
INITIATION  AT  A  30°  ALUMINUM  TARGET  BY  A  6. 1J  LASER 
BEAM.  THIS  IS  SHOWN  AS  A  FUNCTION  OF  RADIUS  FOR  I*.51CM. 


lie  closer  Co  Che  wave  fronc  chan  Co  Che  carget.  An  analysis  of  che 
lower  piccure  aC  2  *  1.1  cm  in  figure  39  leads  Co  che  radial  ploc 
of  (n-1)/ (nQ-l)  in  figure  40  where,  once  again,  one  sees  a  large 
uniform  rarefaction  region  following  Che  compression  wave. 

Additional  interf erograms  and  a  shadowgram  of  the  target- 
vaporized  material  and  blast  wave  produced  at  a  silica  carget  are 
shown  in  figure  41.  This  sequence  of  data  were  taken  with  a  total 
delivered  energy  of  approximately  7.5  joules  and  indicates  that  the 
maximum  fringe  shift  region  lies  closer  to  the  target  surface  than 
the  data  figure  39  with  a  laser  energy  of  15  joules.  The  lower 
interf erogram,  taken  at  20ysec  and  near  the  end  of  the  laser  pulse, 
is  analyzed  at  an  axial  position  of  z  »'.68  cm  and  the  results  shown 
in  figure  42. 

In  addition  to  silica,  Lucite  is  another  material  which  can 

absorb  very  large  laser  intensities  at  10. 6p  without  igniting  laser- 

supported  detonation  waves.  This  is  strictly  true  only  after  the 

target  is  "cleaned"  by  a  preliminary  laser  pulse.  A  series  of 

ruby  interf erograms  showing  the  ejection  of  vaporized  target  material 

from  a  Lucite  target  with  a  total  delivered  energy  of  15  joules 

is  shown  in  figure  43.  With  this  energy,  the  peak  laser  intensity 

7  2 

at  the  target  surface  is  approximately  4.8  x  10  watts/cm  .  It 
appears,  as  expected,  that  the  amount  of  vaporized  Lucite  target 
material  is  considerably  larger  than  similar  interferograms  made  for 
a  silica  target  and  shown  previously  in  figures  39  and  41. 

In  contrast  to  the  silica  interferograms,  the  vaporized  Lucite 
material  appears  to  come  off  at  greater  angles,  and  the  region  of 
maximum  negative  phase  change  lies  closer  to  the  target  than  to  the 
wavefront,  however,  the  overall  spheroidal  shapes  are  very  similar 
in  the  two  cases.  An  Abel  inversion  of  the  lower  interferogram  taken 
at  8usec  and  shown  in  figure  43,  has  been  analyzed  and  the  results 
at  1  *  .54  cm  are  shown  in  figure  44.  This  radial  plot  of  (n-l)/(no~l) 
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REFRACTIVE  INDEX  OF  A  COMBINA  TION  OF  LASERiNDUCED 
TARGET  VAPOR  AND  A  LASER-INDUCED  SHOCK  WA  VE  20 
MICROSECONDS  AFTER  ITS  INITIATION  AT  A  SILICA 
TARGET  BY  A  15J  LASER  BEAM.  THIS  IS  SHOWN  AS  A 
FUNCTION  OF  RADIUS  FOR  2=1  IOCM. 


INTERFEROGRAM  4  /isec 


INTERFEROGRAM  20  *isec 


FigureM:  IN  TERFEROGRA  MS  A  NO  A  SHADOWGRAM  SHOW  THE  GROWTH  OF  LASER-INDUCED 
TARGET  VAPOR  AND  A  SHOCK  WA  VE  DEVELOPED  FROM  A  SILICA  TARGET  BY  A 
7.5J  LASER  BEAM. 
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8  M*ec 


4 3:  DUUBL E-PASS  INTERFEROGRAMS  SHOW  THE  GROWTH  OF  LASER- 
INDUCED  TARGET  VAPOR  AND  A  SHOCK  WA  VE  DEVELOPED 
FROM  A  LUCITE  TARGET  BY  A  15J  LASER  BEAM. 


s 


shows  two  separate  wavefronts,  indicating  that  the  inner  one  is 
evaporated  material.  It  is  coincident  with  the  apparent  evaporated 
material  front  in  the  interferograa.  Strong  absorption  occurs  near 
the  target;  however,  absorption  is  weaker  near  the  evaporated 
material  front. 

Reducing  the  laser  energy  by  a  factor  of  two  causes  a  reduced 
vaporization  rate  as  shown  by  the  sequence  of  interf erograms  of 
figure  4b.  This  data  for  a  delivered  energy  of  7.5  joules  should 
be  compared  with  the  15  joule  data  previously  given  in  figure  43. 

Little  absorption  is  seen  near  the  target,  but  the  absorption 
near  the  evaporated  material  front  remains  high.  Figure  46  shows 
shadowgraph!  which  clearly  display  absorption  and  refraction  regions. 
The  lower  shadowgram  was  taken  just  before  the  lower  interferogram 
in  figure  45.  The  upper  shadowgram  was  taken  earlier  on  a  different 
sample  which  has  been  exposed  to  enough  shots  to  develop  a  noticeable, 
crater.  A  definite  jet  blow-off  effect  is  seen  in  the  upper  shadowgram 
which  is  only  suggested  in  the  lower  shadowgram.  The  lower  interfero¬ 
gram  in  figure  45  was  analyzed  along  the  cut  at  z  ■  .57  cm,  and  the 
corresponding  radial  plot  of  (n-l)/(no~l)  is  shown  in  figure  47  which 
shows  a  dip  in  density  just  inside  the  compressed  region.  Such 
behavior  may  occur  in  figure  44,  but  be  masked  by  the  evaporated 
material  since  there  is  a  downward  trend  for  increasing  radius 
beginning  at  the  center.  It  should  be  noted  that  the  plots  of 
(n-l)/(n  -I)  are  proportional  to  gas  density  only  when  the  electron 
contribution  to  the  refractive  index  is  negligible  and,  in  addition, 
the  refractive  index  c:  the  gaseous  vaporized  material  is  the  same 
ar  that  of  air.  At  this  point,  these  assumptions  are  not  verified 
and  further  work  is  required  to  obtain  more  useful  information. 

This  additional  work  involves  identification  of  species  in  the 
vni)*>ri"ed  maurisi  and  use  of  two-wave  length  interferometry. 
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A  6-'  SHADOWGRAMS  OF  LASER-INDUCED  TARGET  VAPOR  AND  A 
SHOCK  WAVE  DEVELOPED  FROM  A  LUCITE  TARGET  BY  A 
7.5J  LASER  BEAM  SHOW  PROMINENT  ABSORPTION  BY  THE 
LASER-INDUCED  TARGET  VAPOR. 


REFRACTIVE  INDEX  OF  LASER-INDUCED  TARGET  VAPOR  AND  A  SHOCK  WA  VE  8  MICROSECONDS  AFTER  ITS  INITIA  TION 
AT  A  LUCITE  TARGET  BY  A  7.5J  LASER  BEAM.  THIS  IS  SHOWN  AS  A  FUNCTION  OF  RADIUS  FOR  Z=.57CM. 


The  above  comments  concerning  the  interpretation  of  interfero¬ 
metric  data  apply,  as  well,  to  the  data  on  laser-supported  detonation 
waves.  In  this  case,  however,  the  species  are  known  to  consist  of 
singly  ionized  nitrogen,  oxygen,  and  electrons  since  LSD  wave 
properties  are  not  dependent  on  the  target  material  which  originally 
ignited  the  wave.  This  can  be  seen  by  comparing  the  Mach-Zehnder 
interferograms  of  LSD  waves  ignited  from  a  titanium  target  (figure 
48)  to  those  of  figure  29  which  show  LSD  waves  ignited  from  an 
aluminum  target.  This  series  of  interferograms  is  analyzed  at  a 
fixed  distance  of  T  =  .32  cm,  and  the  data  is  shown  for  the  several 
Instants  of  time  in  figure  4 9 .  The  radial  plots  of  (n-l)/(no~l) 
seem  to  vary  with  time  in  a  somewhat  irregular  manner.  It  is 
interesting  to  note  the  negative  value  of  (n-l)/(nQ-l)  for  the  one 
microsecond  curve  which  indicates  an  electronic  contribution  to  the 
index  of  refraction.  After  this  time,  the  inner  region  shows  a 
low  density  similar  to  the  previous  aluminum  data.  This  1  microsecond 
data  occurs,  of  course,  near  the  peak  power  of  the  Marx  Bank  Laser 
intensity. 

A  comparison  of  the  radial  density  profile  of  LSD  waves  ignited 
from  both  aluminum  and  titanium  targets  is  shown  in  figure  50.  These 
data  are  both  taken  at  nearly  equal  distances  behind  the  LSD  front 
itself!  however,  the  data  are  actually  taken  at  different  times  and 
distances  from  the  target.  The  aluminum  data  is  taken  from  figure  34 
at  a  distance  z  =  1.0  cm  and  at  a  time  of  5ysec  while  the  titanium 
data  is  from  figure  48  at  z"  =  .73  cm  and  at  a  time  of  4psec-  It 
is  apparent  from  figure  50  that  the  target  itself  pl3ys  little  role 
in  the  actual  propagation  of  LSD  waves.  The  target  is  important, 
however,  in  the  ignition  of  the  LSD  wave  where  such  properties  as 
reflectivity  and  thermal  conductivity  play  a  large  role. 

All  of  the  analyzed  interferograms  which  have  been  previously 

presented  show  rather  small  compressions  compared  with  what  one 

would  expect  based  solely  on  predictions  of  the  shock  conservation 
/  2  a  ) 

equatlonav  .  These  radial  shock  wave  velocities,  V  ,  as  meaoured 
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49:  REFRACTIVE  INDEX  OF  LASER-SUPPORTED  DETON  A  TION  WA  VES 
A  T  FOUR  TIMES  AFTER  IGNITION  AT  A  TITANIUM  TARGET 
BY  A  J5J  LASER  BEAM.  THESE  ARE  SHOWN  AS  FUNCTIONS 
OF  RADIUS  FOR  2=. 32CM. 


TITANIUM  TARGET.  i=.73c m. 


COMPARISON  OF  THE  REFRACTIVE  INDICES  OF  LASER- 
SUPPORTED  DETON  A  TION  WA  IGNITEO  A  T  TITANIUM  AND 

ALUMINUM  TARGETS  BY  A  15J  LASER  BEAM. 


from  the  interferograms  are  related  to  the  normal  shock  velocity 
by  V  =  V  cos  0,  where  0  is  Che  conical  shock  wave  angle.  One 
can  then  compare  theoretical  mass  densities  based  on  the  shock 
conservation  equation  with  the  interferometric  data.  This  is  done 
using  the  interferograms  of  figures  29,  31,  and  32  where  data  is 
analyzed  at  z  *  1.0  cm.  The  peak  compression  at  the  radial  shock 
waves  are  thus  computed  from  measured  radial  expansion  velocities. 
Typically,  the  radial  Mach  number  is  H  ;  3  at  a  time  of  5.5psec. 

In  this  way,  the  peak  compression  (p/oQ)  is  plotted  versus  time  after 
LSD  wave  ignition  from  an  aluminum  target.  Figure  51  shows  this 
computation  for  y  =  1.4  and  for  y  =  1.17.  It  is  evident  that  the 
expected  compressions  of  at  least  4  are  considerably  greater  than 
those  previously  deduced  from  the  Abel  inversions  of  interferograms. 
One  possible  explanation  of  this  discrepancy  is  to  assume  that 
there  is  an  important  electronic  contribution  to  the  refractive 
index  in  the  shock  wavefront.  An  estimate  of  the  electron  density 
required  to  cause  this  effect  may  be  deduced  from  equations  9  and 
]0,  which  indicate  the  opposite  contribution  to  the  sign  of  the 
refractive  index.  Thus,  the  measured  fringe  shift  4F  is  actually 
proportional  to 


uj  2 

tY  '  n  -  1  -  JL.  (11) 

°  2</ 

while  the  reduced  data  lias  tacitly  assumed  a  negligible  electron 
density.  Assuming  y  •>  1.4  and  using  the  data  of  figure  53,  one 
obtai ns 


p/p  =  3.5 
o 

at  t  »  5.5usec.  The  maximum  "compression"  as  measured  in  figure  41 
is  1.35.  The  discrepancy  between  these  two  results  can  be  resolved 
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COMPRESSION  LIMIT  FORT*  1.17 
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Figure  51;  PEAK  COMPRESSION  CALCULA  TED  FROM  THE  RADIAL  VELOCITY  AT  2=  1.00CM  OF  A  LASER 
SUPPORTED  OETONA  TION  WA  VE  IGNITED  A  TAN  ALUMINUM  TARGET  BY  A  15J  LASER 
BEAM.  CURVES  FOR  TWO  VALUES  OF  7  ARE  SHOWN. 


18  -3 

by  assuming  an  electron  density  of  ng  «  2.8  x  10  cm  .  The 
ionization  under  these  conditions  is  approximately  2.8  percent. 


At  the  later  time  of  llusec  and  again  referring  to  the  results 

of  figure  51,  one  finds  a  calculated  peak  compression  of  2.4  This 

compression  should  be  compared  with  the  estimated  data  of  figure  45 

which  indicates  a  compression  of  only  1.25.  The  apparent  discrepancy 

can  again  be  resolved  by  assuming  an  ionization  of  2.2  percent. 

18  “3  2  2 

In  this  case,  the  electron  density  is  1.6  x  10  cm  and  (w  /w  )  : 

-4  p 

6.9  x  10  . 


3.2  TIME-RESOLVED  INTERFEROMETRY 

In  addition  to  the  interferograms  previously  discussed,  which 

have  an  overall  view  of  the  "event"  at  selected  times,  a  Mach-Zehnder 

interferometer  was  set  up  using  a  CV  argon  laser  at  a  wavelength 

of  .488p.  The  interference  fringes  along  a  line  coaxial  with  the 

high  power  C0o  laser  bean  were  followed  to  yield  time-resolved 

(27) 

interferometry  as  first  demonstrated  by  Basov  .  When  the  fringe 
shift  can  be  followed  across  the  shock  front,  (in  some  cases,  there 
are  too  many  fringes  and  the  photographic  resolution  is  not  good  enough 
to  allow  the  required  counting)  this  fringe-profile  or  contour 

map  of  the  events'  history  can  be  analyzed  in  space  and  time  to 
determine  the  index  of  refraction. 


A  diagram  of  this  interferometer  is  shown  in  figure  52.  The 
o 

4880  A  beam  from  the  argon  laser  has  only  about  0.1  watt,  so  careful 

arrangements  were  needed  to  produce  usable  interferograms.  After 

initial  "beam  cleaning",  a  cylindrical  mirror  focused  the  beam  to  a 

line  focus  in  the  region  in  front  of  the  target.  Slits  near  the 

target  and  at  several  points  in  the  following  optical  train  reduced 

extraneous  light.  Two  prisms  split  and  recombined  the  beams.  The 

event  focus  was  in  one  arm  where  the  CC2  beam  was  incident  on  a 

target.  These  prism  elements  and  turning  mirrors  were  adjusted  to 

product  straight  fringes  which  were  perpendicular  to  the  line  focus. 

o 

After  recombination,  a  narrow-band  4880  A  filter  eliminated  the  unwanted 
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BEAM  CLEANER 


LSD  light  from  the  event.  A  spherical  Jena  focused  the  interference 
pattern  into  a  line  on  the  image  converter  tube  face.  The  TRW  camera 
operated  in  its  normal  streak  mode  to  sweep  the  interference  pattern 
over  a  time  interval  of  lOysec.  An  approximate  estimate  of  the 
fractional  density  change  can  be  obtained  from  the  interf erogramB 
by  using  equation  9  to  obtain  Ap/pQ  -  .8AF. 

Even  with  great  care,  the  fringe  shift  at  the  LSD  wavefront 

was  sufficiently  large  that  we  could  not  count  the  fringe  shift. 

As  a  minimum,  however,  we  found  at  least  +?.  fringes  (and  probably 

much  greater).  Part  of  this  problem  is  caused  by  both  refraction 

o 

and  absorption  of  the  4880  A  laser  beam  by  the  high-density  gas 
at  the  LSD  wavefront.  This  effect  can  be  seen  by  observations  made 
by  blocking  one  arm  of  the  interferometer  which  leads  to  a  form  of 
shadowgram.  Following  the  large  positive  fringe  shift  occurring 
ar  the  front  of  the  LSD  wave,  one  observes  a  negative  fringe  shift 
observable  in  figure  53  for  a  laser  energy  of  6  joules.  At  later 
times,  slower  waves  traveling  near  Mach  1  can  be  seen,  which  probably 
result  from  target  material  vaporization  or  gas  desorption  from  the 
target. 

By  making  a  series  of  ir.terferograms  which  cover  40  micro¬ 
seconds,  one  can  observe  a  third  wavefront  which  is  very  slow  (Mach 
number  .5)  and  initially  appears  about  25  microseconds  after  ignition 
of  the  LSD  wcve  (figure  54).  In  addition  to  LSD  wave  ignition, 
these  targets  show  interesting  effects  at  laser  intensities  below 
LSD  wave  threshold.  When  laser  intensity  is  high,  (7.5  joules)  LSD 
waves  Ignited  from  alumina  look  the  sa*re  as  those  ignited  from 
aluminum  or  other  metallic  targets  as  seen  in  figure  55.  The  transition 

(28 )  o 

B  -*■  X/0>0  of  aluminum  oxide  (A10) v  at  4842  A  is  sufficiently  near 
o 

the  4880  A  wavelength  of  the  argon  laser  to  be  a  good  absorber  of 
the  interferometer  beam.  Below  intensities  for  LSD  wave  ignition, 
the  vapor  comes  off  with  a  velocity  which  increases  as  laser  intensity 
increases  up  to  about  Mach  1.  In  this  range  of  velocities,  absorption 
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IGNITED  AT  AN  ALUMINUM  TAHCET. 
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Figure  55:  TIME  RESOLVED  INTERFEROGRAM  OF  THE  LONGITUDINAL  AXIS  OTA  LASER- 
SUPPORTED  DETONATION  WAVE  IGNITED  AT  AN  ALUMINA  TARGET  BY  A  7.5J 
LASER  BEAM. 
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o 

of  tht  4880  A  wavelength  becomes  progressively  stronger,  however, 
above  Mach  1  the  air  shock  wave  and  vapor  front  begin  to  separate 
with  the  vapor  velocity  now  just  under  Mach  1  when  the  air  shock, 
speed  reaches  Mach  1.3.  Under  these  conditions,  the  fringe  pattern 
indicates  first  a  positive  density  increase  at  the  front  of  Ap/p  *» 

+1.3  followed  a  short  time  later  by  a  negative  fringe  shift  of 
Ap/p  =  -1.7.  This  behavior  is  seen  in  figure  56a  which  also  indicates 
that  velocity  of  the  vaporized  material  slows  down  as  it  moves 
farther  and  farther  from  the  target  surface. 

V/hen  the  CO^  laser  intensity  is  increased  so  that  the  vapor 

front  velocity  reaches  Mach  2,  a  maximum  volume  of  vapor  appears 

to  be  produced.  This  vapor  reaches  out  to  about  4  mm  from  the 

target  surface  and  then  recedes  as  shown  in  figure  56b.  As  the  shock 

velocity  reaches  Mach  3,  the  vapor  appears  only  out  to  1  mm  and  lasts 

for  only  2  microseconds.  At  full  intensity,  a  shock  velocity  of 

Mach  10  is  reached  and  no  vapor  effect  is  seen.  The  data  from  a 

series  of  such  time-resolved  interferograms  taken  with  increasing 

energy  is  shown  in  figure  57.  Each  curve  is  taken  at  a  different 

laser  energy  normalized  such  that  qQ  represents  17  joules  of  delivered 

energy  and  also  the  highest  available  laser  intensity.  As  mentioned 

7  2 

above,  at  this  oeak  intensity  of  approximately  5.3  x  10  watts/cra  , 

LSD  waves  are  always  ignited  and  no  target  vapor  is  observed.  All 
the  curves  shown  in  figure  57  are  at  lower  intensities  where  signifi¬ 
cant  vaporization  occurs  and  show  the  outer  boundary  of  the  absorbing 
AlO  vapor.  The  density  of  the  vapor  must  be  high  since  the  boundary 
is  very  distinct  and  the  absorption  over  the  2-3  mm  path  is  as  much 
as  90  percent.  It  appears  that  the  vapor  boundary  begins  to  recede 
when  a  LSD  wave  is  ignited  and  this  LSD  wave  then  shields  the  target 
surface  from  the  CO ^  beam  energy  and  the  target  surface  then  cools. 

As  the  LSD  wave  moves  away  from  the  target  surface,  it  sees 
lower  laser  leu..",  intensity  because  of  the  focused  condition  of  the 
beam  and  because  the  CO^  laser  power  decreases  after  the  initial  peak 
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Figure  5ba:TlME-RES0L  VED  INTERFEROGRAM  OF  THE  LONGITUDINAL  AXIS  OF  LASER-INDUCED 
TARGET  VAPOR  AND  A  PRESSURE  WAVE  DEVELOPED  AT  AN  ALUMINA  TARGET  BY  A 
l.SJ  LASER  BEAM.  A 10  ABSORPTION  IS  SEEN  AFTER  THE  WA  VEERONT PASSES. 
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Figure  56b:  TIME-RESOLVED  INTERFEROGRAM  OF  THE  LONGITUDINAL  AXIS  OF  A  LASER 
SUPPORTED  ABSORPTION  WA  VE  NEA R  ITS  IGNI TION  THRESHOL 0  WHICH  WAS 
IGNITED  AT  AN  ALUMINA  TARGET  BY  A  3.75J  LASER  BEAM.  A 10  ABSORPTION 
IS  SEEN  AFTER  THE  WAVEFRONT  WITH  A  BOUNDARY  WHICH  SHOWS  THE 
MAXIMUM  EXTENT  OF  A 10  AS  A  FUNCTION  OF  TIME. 
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at  O.Susec  and  again  after  the  second  peak  at  3.1wsec.  As  a 

consequence,  the  LSD  wavefront  is  initially  very  narrow  but  widens 

as  intensity  drops.  When  the  absorption  boundary  slows  down  appreciably, 

the  LSD  absorption  length  becomes  increasingly  greater  and  appears 

from  optical  data  as  a  wave  traveling  toward  the  target  surface. 

(See  Section  TI  and  IV  for  additional  details.)  At  the  front  of  this 

o 

wave,  A10  is  d iosociated  and  can  no  longer  absorb  at  4880  A.  At  late 
times  when  the  A10  recombines,  its  density  is  low  because  of  diffusion 
away  from  the  target  and  little  absorption  occurs. 

Silica  is  another  absorbing  target  whose  vapor,  however,  does 
o 

not  absorb  at  4880  A.  For  a  full  laser  intensity  of  17  joules, 
fractional  density  changes  of  | Ap / p  |  :  4  occur  with  vapor  induced 
shock  velocities  of  Mach  5.  From  data  such  as  given  in  figure  58, 
it  can  be  seen  that  for  the  shock  wave  (or  wavefront)  velocities 
greater  than  Mach  ] ,  an  additional  slower  wavefront  also  exists 
which  is  probably  the  target  vapor.  At  very  low  incident  laser 
energies  of  approximately  1  joule,  it  is  relatively  easy  and 
unambiguous  to  follow  these  fringe  paths. 

3.3  ABEL  INVERSION  AND  DETERMINATION  OF  THE  RADIAL  VARIATION  OF 
THE  INDEX  OF  REFRACTION 

The  fringe  patterns  discussed  previously  require  mathematical 
(29) 

processing  in  order  to  obtain  the  actual  variation  with  radial 

position.  This  occurs  because  the  optical  path  through  the  laser- 
supported  detonation  waves  samples  a  continuum  of  radial  positions 
on  its  path  through  the  plasma. 

The  observed  fringe  shift  as  dependent  on  the  linear  observed 
distance  x  is  dependent  on  ar  integral  cf  the  form 
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which  has  the  Inversion 


n(r) 


1  rro  N1  Cx)  to 

7r 


(13) 


In  equation  12,  h’(x)  is  the  phase  shift  of  the  interferometer  beam 
at  a  distance  x  from  the  origin  of  a  cylindrically  symmetric 
disturbance  of  maximum  radius  r  .  The  radial  dependence  of  the  index 
of  refraction  is  n(r)  and  the  derivative  of  the  measured  fringe  shift 
in  the  x  direction  is  N^(x). 

Our  data  have  been  analyzed  by  a  numerical  technique  derived 
in  reference  29  which  requires  evenly  spaced  input  data.  This  is 
necessary  since  tables  of  coefficients  are  used  which  minimize  error. 
The  actual  data  derived  from  the  interf erograms  is  not  evenly  spaced, 
however,  and  we  have  obtained  such  data  by  fitting  piece-wise,  cubic 
curves  to  the  data  points  and  the  interpolating  to  the  required  evenly 
spaced  data  points.  These  data  points  were  then  utilized  in  the 
numerical  inversion  routine  along  with  estimated  data  points  at 
maxima . 

A  test  case  was  devised  in  order  to  test  the  computer  program 
in  which  the  gas  in  a  cylinder  of  radius  .5  cm  was  originally  uniform 
and  at  atmospheric  pressure.  This  gas  was  then  redistributed  to 
the  following  density  profile 


p/p  «  .19  for  o<r<.4  cm 
o 


p/p  ■  1.85  for  .4<r<.5  cm 
o 


(14) 
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This  step  function  was  then  used  to  calculate  the  fringe  Bhift  AF 
as  a  function  of  the  viewing  coordinate  x. 


AF 


(nQ-D 


AF  =  y.  25-X2  (n  -1) 

A  O 


AF  =  0 


0<x< . 4cm 


.4<x< . 5cm 


x>.5cm 


(15) 


This  exact  fringe  shift  variation  is  shown  in  figure  59  as  a  function  of 

-4 

x  for  (n  -1)  =  2.9  x  10  (corresponding  to  air).  This  fringe  shift 
variation  was  then  numerically  re-inverted  using  the  computer  program 
to  obtain  Ap/p,  the  fractional  density  change  as  a  function  of  radius 
which  is  shown  in  figure  60.  The  agreement  with  the  assumed  densities 
is  very  good,  except  near  the  density  step.  Twice  as  many  points 
per  division  are  used  for  the  outer  one-quarter  of  the  radius  and 
this  procedure  was  followed  for  all  the  inversions. 
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SECTION  IV 

SPECTROSCOPIC  STUDIES  OF  LASER-SUPPORTED  ABSORPTION  WAVES 


Light  emissions  from  laser-supported  absorption  waves  ignited 
by  the  10.6  micron  CO^  laser  pulse  at  several  kinds  of  solid  surfaces 
have  beer,  studied  by  both  time-integrated  and  time-resolved  spectro¬ 
scopic  techniques.  The  time-integrated  emission  spectra  are 
taken  with  a  quartz  prism  spectrograph  (hilger-'./dt to)  which  is  of  good 

resolution  in  the  near  ultraviolet.  Identification  ot  species  is 

(30  31  32) 

done  with  the  help  cf  standard  reference  books  ’  ’  .  The  time- 

resolved  spectra  of  low  resolution  in  the  visible  are  taken  with  a 
transmission  spectrograph  (TRW  4£A)  and  an  linage  converter  camera 
(TRW  ID).  A  correlation  with  the  tima- in tegra -ed  spectrum  yields 
information  concerning  the  time  variation  of  the  strong  emission 
lines. 


A  schematic  for  the  t ime-recolved  experiments  is  shown  in 
figure  61.  A  moveable  mercury  lamp  is  used  for  both  distance  and 
spectral  calibrations .  For  the  time-integrated  experiments,  the 
quartz  spectrograph  is  used  ii. steed  of  the  transmission  spectrograph. 
The  wavelength  scales  of  the  spectra  are  calibrated  with  reference 
lights  of  hydrogen,  helium  as  well  as  mercury.  The  dispersions  found 
for  the  two  spectrographs  are  summarized  in  Table  1. 


Table  1 


Diapers  ion 

cf  Spectroscopic 

Instruments 

o 

ength  (A) 

Ij  ispers  i 

Hi lger-Watts 

u 

ons  (A/nur.) 

TRW  a; 

2000 

4.1 

— 

2500 

8.5 

— 

3000 

15 

— 

3500 

2 

— 

4000 

33 

129 

5000 

63 

144 

6000 

105 

157 

7000 

155 

— 
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Figure  61  Schematic  for  the  time -resolved  spectroscopic  study  of  laser 
supported  absorption  waves. 
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Two  types  of  absorption  waves  have  been  studied  so  far.  They 

are : 

(a)  The  laser-supported  detonation  wave  which  travels  towards  the 

laser  light  source  at  a  supersonic  speed  and  consists  mainly 

+  4*  4-f 

of  N  ,  0  and  a  small  fraction  of  N  and  0  ;  and 

(b)  The  laser-supported  blast  wave  which  travels  along  the  outward 
surface  normal  of  the  target  at  a  slower  speed  and  consists 
mainly  of  molecular  and  atomic  species  derived  from  the  target 
mate  rials . 

In  addition  to  the  experimental  studies,  a  theoretical  calculation 

of  the  equilibrium  composition  of  air  has  been  carried  out.  The 

temperature  and  the  electron  density  in  the  LSD  waves  are  estimated 

o  17  3 

to  be  greater  than  25,000  K.  and  1.5  x  30  per  cm  ,  respectively. 

Details  of  the  results  and  analyses  are  presented  below. 

4.1  TIME  INTEGRATED  SPECTRA 

Emission  spectra  of  laser  supported  absorption  waves  generated 

from  targets  of  aluminum,  copper,  nickel,  tungsten,  soda  glass.  Teflon, 

masking  tape,  boron  nitride,  alumina  and  others  are  recorded  with 

spectroscopic  plates  (Kodak  type  1-F  and  1-0).  The  intensity  versus 

wavelength  trace  is  obtained  by  using  a  microdensitometer.  Some 

(33) 

preliminary  results  have  been  described  in  an  earlier  paper 
We  note  that  the  preliminary  experiments  have  been  performed  with 
the  axis  of  the  spectrograph  arbitrarily  located  at  30°  from  the 
axis  of  the  laser  beam.  The  spectra  obtained  at  30°  (the  next  five 
figures)  are  o£  a  greater  light  intensity  but  otherwise  not  much 

different  from  those  obtained  at  90°  (the  remaining  figures  in  tills 
sect  ion) . 

Figure  62  shows  a  section  of  the  spectrum  in  the  range  from 
o 

2280  to  2620  A  obtained  from  an  aluminum  target  with  a  7-joule 

o 

pulse.  The  carbon  lines  at  2296.9  and  2478.6  A  establish  the  wavelength 
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scale.  The  vertical  lines  in  the  figure  designate  the  wavelength 

4*  4s  h 

and  intensity  of  all  possible  emission  lines  of  N  ,  0  ,  N  and 
4*4* 

0  (obtained  from  a  condensed  electric  spark  through  air)  as  listed 

in  Striganov^"^ .  It  is  apparent  that  a  large  part  of  the  spectrum 

can  be  identified  as  due  to  N+  and  0+,  while  a  small  part  can  be 
4*4*  ^ 

attributed  to  N  and  0  .  We  have  searched  for  neutral  atomic 

and  diatomic  species  of  air  but  have  failed  to  find  them.  The 
small  amount  of  carbon  present  in  the  spectrum  may  be  either  due  to 
evaporation  of  the  absorbed  layer  on  the  surface  or  due  to  some 
carbon-containing  materials  in  air. 

Figure  63  shows  a  section  of  the  spectrum  obtained  from  a 

masking  tape  target  in  which  a  hole  is  burned  through  the  tape  for 

each  shot.  Comparing  with  figure  62,  we  see  that  the  carbon  lines 

*4  *4 

are  more  prominent  whereas  the  N  and  0  lines  are  slightly  weaker 

in  figure  63.  Other  features  in  the  spectrum  include  emission 

lines  of  Mg  ,2852.1  A),  Mg+  (2795.5  and  2802.7  A  ) ,  the  CN  violet 

o 

band  system  (B+A,  with  0,  0  at  3883.4  A),  etc.  We  note  that  the 

spectrograph  is  aligned  such  that  light  emission  from  epecies 

derived  from  target  materials  illuminates  the  entire  slit.  In 
4*  4*  4-  4~4* 

contrast,  the  N  ,  0  ,  C  and  C  lines  illuminate  only  a  fraction 
of  the  slit.  It  appears  that  some  carbon  evaporated  from  the  surface 
during  the  initial  stage  of  laser  irradiation  is  heated  by  the  LSD 
wave . 


Figure  64  shows  a  section  of  the  emission  spectrum  in  the  range 
o 

from  2400  to  2700  A  obtained  from  a  6oda  glass  target.  In  addition 
^  *4 

to  the  N  and  0  lines  from  the  LSD  wave,  emission  lines  from  the 

target  materials  such  as  Na  and  Si  are  very  prominent.  (The  sodium 

o 

D-lines  at  5890  and  5896  A  are  observed  to  a  distance  as  far  as 

j  ^ 

1.5  cm  from  the  target.)  Of  special  interest  is  the  Si  line  at 
o 

2541.8  A  which  illuminates  only  a  fraction  of  the  slit  similar  to 

4  4-4 

the  behavior  of  C  and  C  discussed  above.  It  is  likely  that  some 
silicon  evaporated  from  the  surface  during  the  initial  stage  of 
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Figure  63  A  section  of  the  emission  spectrum  of  an  LSD  wave  generated 
from  a  masking  tape  target. 


Figure  64  A  section  of  the  emission  spectrum  of  an  LSD  wave  generated 
from  a  soda  glass  target. 


X(A> 

e  emission  spectrum 
ass  target. 


laser  Irradiation  is  heated  by  the  LSD  wave. 


Under  certain  conditions,  the  laser  irradiation  on  a  target 
surface  does  not  generate  a  detonation  wave  but  a  blast  wave.  The 
emission  spectrum  in  the  latter  case  consists  mainly  of  bands  from 
molecules  at  a  much  lower  temperature  (probably  in  the  range  from 
3000°  to  4000°K  as  observed  in  a  flame). 

Figure  65  shows  the  spectrum  from  an  aluminum-black  target 
(which  is  very  heavily  anodized  aluminum).  The  atomic  lines 
of  A1  and  Na  served  to  establish  the  wavelength  scale.  A  well 

(32) 

developed  band  system  is  attributed  to  the  A10  (B->X)  transition. 

o 

The  Kodak  1-F  plate  is  sensitive  for  wavelength  shorter  than  7000  A. 

Figure  66  shows  the  emission  spectrum  from  a  boron  nitride 

target.  Calcium  is  found  to  be  a  major  impurity  in  the  target. 

A  series  of  waves  of  bands  with  maxima  designated  by  arrows  can  be 

(32) 

identified  as  the  triatomic  molecule  BO2  .  Note  the  LSD  waves 
have  been  generated  with  these  strongly  absorbing  targets  at  high 
laser  energies. 

Emission  spectra  have  also  been  taken  with  the  spectrograph 
located  at  90"  from  the  laser  beam.  Figures  67,  68  and  69  show 
three  sections  of  the  spectrum  of  an  LSD  wave  generated  with  a  15- 
joule  pulse  and  looking  at  7  mm  in  front  of  an  aluminum  target  plate. 

+  +  4-f  f-  j 

All  possible  lines  of  N  ,  0  ,  N  and  0  from  the  reference  book 
by  Striganov  and  Sventitskil  are  designated.  The  arrows  at  the 
bottom  of  figures  68  and  69  indicate  the  strong  lines  which  show 
up  In  the  time-resolved  spectrum.  The  four  sections  of  the  I.SD 
wave  spectrum  presented  in  figures  62,  67,  68  and  69  are  typical  for 
all  metallic  targets  which  reflect  the  10. 6u  light.  Even  for  an 
absorbing  target,  the  same  spectrum  persists  provided  the  laser  pulse 
energy  is  much  above  the  threshold  for  the  generation  of  an  LSD 
wave. 
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Figure  66  Emission  spectrum  of  an  LSB  wave  generated  from  a  boron  nitride 
target. 


Figure  67  A  section  of  the  emission  spectrum  of  an  LSD  wave  generated  from 
an  aluminum  plate. 


X  (A) 

Figure  68  A  section  of  the  emission  spectrum  of  as  LSD  wave  generated  from 
an  aluminum  plate. 


Figure  69  A  section  of  the  emission  spectrum  of  an  L£D  wave  generated  from 
an  aluminum  plate. 


4.2  EQUILIBRIUM  COMPOSITION  OF  AIR  AND  TEMPERATURE  ESTIMATES 

In  order  to  estimate  the  temperature  and  the  electron  density 

in  the  LSD  waves,  a  theoretical  computer  calculation  (previously 

developed)  of  the  equilibrium  composition  of  air  has  been  carried 

out.  The  basic  assumptions  are  ideal  gas  behavior  and  instant 

equilibrium.  For  each  possible  species,  neutral  or  charged,  the 

total  partition  fur.ction  is  written  in  terms  of  atomic  or  molecular 

(34 ) 

constants  available  from  optical  spectroscopy  .  Thermodynamic 

functions  sucn  as  entropy  and  free  energy  are  related  to  the  partition 

function  by  the  standard  formulae  derived  from  statistical 
(35) 

mechanics  .  At  a  given  temperature  and  pressure,  the  equilibrium 

comDOSition  is  found  by  an  iteration  procedure  which  minimizes  the 

free  energy  of  *-he  system  subject  to.  the  conditions  of  conservation 

of  charge  and  mass^^.  Earlier  work  and  other  methods  for  the 

calculation  of  equilibrium  composition  can  be  found  in  a  review 
(37) 

paper 


Starting  from  a  combination  of  79%  nitrogen  and  21%  oxygen,  the 
equilibrium  composition  of  air  has  been  calculated  for  pressures  from 
0.01  to  100  atm  and  for  temperatures  from  10^  to  10^°K.  Figure  70  shows 
the  calculated  air  composition  at  1  atm  for  temperatures  below 
20,000°K.  The  number  density  n  (per  cm"*)  for  a  given  species  can  be 
calculated  by 


n  «  7.35  x  ID21  F  P/T  (16) 

where  F  is  the  mole  fraction,  P  is  the  pressure  (in  atm)  and  T  is 

the  temperature  (in  °K) .  We  see  that  as  the  temperature  increases, 

the  molecules  dissociate  into  atoms  which  subsequently  ionize. 

For  the  convenience  of  discussion,  a  cross-over  temperat-ure ,  T  ,  can 

+  <~ 

be  defined.  At  1  atm,  the  T  for  (N.. ,  N)  and  (N,  N  )  are  found  at 

c  / 

6600  and  14,700  K,  respectively.  On  the  other  hand,  the  00  molecule 
is  not  su  strongly  bound  so  that  the  Tc  for  (0^ ,  0)  occurs  at  3400°K 
(see  figure  70). 
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Figure  71  shows  the  calculated  air  composition  at  a  pressure  of 
100  atm  for  temperatures  below  20,000°K.  Comparison  with  the  previous 
figure  shows  a  qualitative  similarity  except  all  the  cross-overs 
tend  to  occur  at  a  high  temperature  for  the  high  pressure  case.  A 
summary  of  the  for  species  in  air  is  shown  in  figure  72.  Our 

results  are  in  good  agreement  with  earlier  calculations  on  the 

.  .  ,  .  (38,39) 

composition  of  all 

As  mentioned  previously,  the  emission  spectrum  of  the  LSD  waves 

+  -f-  )  | 

consist  mainly  of  N  and  0  with  a  small  contribution  from  N  and 
■+*+ 

0  (figures  62,  67,  68  and  69).  If  local  thermodynamic  equilibrium 

is  assumed,  then  the  temperature  in  the  LSD  waves  is  estimated  to 

+  +4-  *+-  4+ 

be  slightly  lower  than  the  for  (N  ,  N  )  and  (0,0  ).  For  LSD 

waves  at  1  atm,  the  estimated  temperature  is  about  25,000°K  and  the 

17  3 

electron  density  is  1.5  x  10  per  cm  .  If  the  pressure  in  the 

LSD  wave  is  100  atm,  the  temperature  and  electron  density  are  estimated 

as  40,000°K  and  1.0  x  1039  per  cm3,  respectively 

According  to  Grieni^°\  a  measurement  of  the  relative  line 
intensities  of  subsequent  ionization  stages  of  the  same  element 
yields  Information  concerning  the  temperature  of  the  species.  We 
find  in  figure  63  that  the  intensity  ratio  of  the  lines  C 
(2296.9  A)  and  C+  (2509  to  2312  A)  is  0.67  after  correcting  lor  the 
continuum  background.  This  yields  temperatures  from  23,000  to 
37,000°K  for  electron  densities  from  1.5  x  lO3^  to  1.0  x  lO3^  per 

3 

cm  ,  respectively.  The  line  intensity  can  be  measured  quite  accurately 

by  weighing  the  cutout  of  a  spectral  line  from  a  chart  paper.  For 

+  0  + 

example,  the  intensity  ratio  of  the  C  (2509.1  A)  to  C  (2511.7 
o 

and  251c. 0  A)  i6  found  to  agree  with  the  ratio  of  their  transition 

( 31 ) 

probabilities^  to  within  .03.  However,  the  temperature  is  not 

(2,0) 

very  sensitive  to  the  intensity  ratio 


Another  estimate  of  the  temperature 
distribution  of  the  continuum  emission. 


is  obtained  from  the  intensity 

(41 ) 

For  a  perfect  black  body  , 
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Figure  71  Calculated  equilibrium  composition  of  air  at  100  atm. 


the  spectral  energy  density  function  exhibits  a  maximum  at  hv  ■  2.822kT. 

The  continuum  spectral  emission  recorded  from  strong  LSD  waves 

(at  intensities  well  above  threshold)  exhibit  two  broad  maxima 

as  a  function  of  wavelength,  however.  The  first  one,  between  4500 
o 

and  2600  A  would  correspond  to  a  black-body  temperature  in  the  range 

between  12,000°  and  20,000°K.  The  second  one,  located  at  a  wavelength 
o 

shorter  than  2000  A  would  correspond  to  a  temperature  higher  than 
30,000°K  (which  could  be  the  LSD  wavefront  temperature  during  the 
early  stage  of  the  laser  pulse). 

For  a  target  which  absorbs  light  appreciably  at  10. 6y  ,  a  blast 

wave  is  observed.  The  emission  spectrum  in  this  case  consists 

mainly  of  bands  from  molecules  at  a  much  lower  temperature  (probably 

around  4000°K  ns  occurs  in  flames).  The  results  shown  in  figures 

65  and  66  tend  to  confirm  the  theoretical  work  by  Chang,  Drummond, 

(42) 

and  Hall  that  the  molecular  species  evaporated  from  an  opaque 
target  may  become  transparent  to  the  laser  radiation  when  the  vaDor 
is  heated  to  around  4500°K,  provided  the  laser  power  density  is 
below  the  threshold  for  breakdown. 

4.3  TIME-RESOLVED  SPECTRA 

Time-resolved  emission  spectra  of  LSD  waves  have  been  obtained 

from  several  types  of  targets  (soda  glass,  carbon,  sapphire,  boron 

nitride,  aluminum  plate,  etc.)  as  a  function  of  laser  pulse  energy, 

distance  from  the  target  and  delay  time.  A  schematic  of  the 

experimental  arrangement  is  shown  in  figure  61.  The  transmission 

spectrograph  yields  a  spectrum  in  the  wavelength  range  from  3800 
o 

to  6200  A  .  Typical  time-resolved  spectra  of  LSD  waves  obtained  at 
7  mm  in  front  of  an  aluminum  plate  during  the  first  10'ysec  of  the 
laser  pulse  with  energies  of  15  and  7.5  joules  are  shown  in  Figure  73. 
Mercury  reference  lines  superimposed  ">n  the  spectra  are  also  shown. 

F.ach  figure  is  a  single  exposure  picture  taken  with  Polaroid  type 
41C  films  of  speed  ASA  10,000.  We  see  in  these  figures  that  the 
velocity  of  the  wavefront,  as  expected,  depends  on  the  laser  energy. 

In  figure  73a,  the  light  emission  exhibits  a  break  in  time,  which 
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Ip)  TIME-RESOLVED  SPECTRUM  OF  A  LSD-WAVE  IGNITED 
FROM  AN  ALUMINUM  PLATE  WITH  A  15  JOULE  LASER 
PULSE  AND  LOCKING  AT  7  mm  IN  FRONT  OF  THE  TARGET. 


Hg  cal  ibration 
lines 


(b)  SIMILAR  TO  ABOVE  EXCEPT  WITH  A  7.5JOULE  PULSE  . 
Figure  73  Pictures  of  time -resolved  spectra  of  LSD  waves. 


10  b 


occurs  for  a  higher  energy  pulse  and  at  a  distance  close  to  the 
target.  The  spectrum  is  characterized  by  about  a  dozen  emission 
lines  superimposed  on  a  continuum.  The  LSD  wave,  once  generated, 
yields  a  spectrum  which  seems  to  be  insensitive  to  the  type  ct 
target,  distance,  laser  power  and  delay  time,  except  for  intensity 
variations.  For  absorbing  targets,  emissions  from  target  materials 
are  observed  following  the  I.SD  wavefront  which  contains  air  species 
only. 

Time-resolved  spectra  of  LSD  waves  have  also  been  taken  with 

Kodak  Royal  Pan  film  of  speed  ASA  400  for  micro-densitometric 

analysis.  The  results  of  10  superimposed  exposures  at  two-time  larger 

f-stop  yields  a  spectrum  of  almost  identical  appearance  compared 

with  the  single  exposure  picture.  Figure  74  shows  the  spectra  at 

3,  7  and  9psec  after  the  start  of  the  15-joule  pulse  and  looking 

at  7  iran  in  front  of  the  aluminum  target  plate  (same  conditions  as 

for  figure  73a).  Full  width  at  half  maximum  of  spectral  lines  as 
o 

small  as  24  A  has  been  observed  in  a  helium  reference  spectrum. 

o 

(The  inherent  line  width  is  15  A.)  However,  the  line  widths  in  an 

o 

LSD  wave  spectrum  are  typically  broader  than  50  A  due  to  the 
necessary  intensity-resolution  trade-off  and  unresolved  features 
in  the  spectrum. 

We  see  in  figure  74  that  the  emission  spectrum  at  each  instant 

seems  to  be  the  same  except  that  the  intensity  changes  with  time. 

Identification  of  peaks  in  the  time-resolved  spectrum  is  accomplished 

with  the  help  of  the  time-integrated  spectrum  (see  the  arrows  at 

the  bottom  of  figures  68  and  69).  Due  to  the  response  threshold  of 

the  image  convertor  camera,  the  weaker  features  do  not  show  up  in 

the  time-re3olved  spectrum.  Thus,  all  peaks  in  figure  74  have  been 
+  ° 

assigned  to  N  except  the  small  peak  at  4350  A  which  is  attributed 

^  *4*  *f” 

to  0  .  The  LSD  wave  spectrum  (N  and  0  )  lasts  for  about  25psec, 

which  is  the  duration  of  the  laser  pulse. 
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Figure  74  Densitometer  traces  of  time-resolved  spectra  of  LSD  waves 
at  several  Instants  of  time. 


In  order  to  demonstrate  the  temporal  development  of  the  LSD 

+  ° 

waves,  we  have  chosen  the  N  5005  A  line  (actually  many  unresolved 
lines  plus  the  continuum  background).  Figure  75  shows  the  intensity 
variation  of  this  line  obtained  with  15  joule  pulses  from  an 
aluminum  plate  target  at  distances  from  1  to  20  mm.  From  the  onset 
of  uhe  wavefront  (arrows  pointed  downwards)  an  average  forward  speed 
is  estimated  to  be  about  4  x  10^  cm/sec.  A  striking  feature  of  this 
figure  is  that  the  light  emission  is  not  continuous  in  time.  At 
distances  of  7  mm  and  smaller,  there  exists  an  interval  within 
which  the  intensity  is  essentially  zero.  The  onsets  of  the  second 
luminous  part  (arrows  pointed  upwards)  seem  to  indicate  a  wave 
traveling  back  to  the  target.  The  average  backward  speeds  are 
estimated  as  10^  and  7  x  10^  cn/sec  between  l-*h  mm  and  4-*l  mm, 
respectively.  These  waves  have  previously  been  observed  by  image 
converter  photographs  as  indicated  in  Section  II  and  in  the  interfero¬ 
metric  data  of  Section  III.  These  backwaru  waves  are  the  result 
of  the  increased  laser  absorption  length  as  the  laser  intensity 
decreases  at  the  front  of  the  LSD  wave. 

Figure  76  shows  the  temporal  variations  vf  the  LSD  waves  as 
+  ° 

represented  by  the  N  5005  A  line  at  several  energies  by  looking 
at  a  fixed  distance  of  7  mm  in  front  of  an  aluminum  plate.  The 
results  shown  in  figures  75  and  76  suggest  that  the  break  in  emission 
intensity  is  related  to  the  high  electron  density  of  the  LSD  wavefront 
After  an  air  breakdown  has  been  triggered  at  the  solid  surface,  the 
plasma  absorbs  radiation  by  inverse  Bremstrahlung  and  travels  towards 
the  laser  light  source  as  a  detonation  wave. 

From  a  time-resolved  spectrum,  one  can  measure  the  time  it  takes 
for  an  LSD  wave  to  travel  a  given  distance.  Results  on  five  different 
targets  at  three  pulse  energies  and  four  distances  are  summarized  in 
figure  77.  For  targets  which  absorb  the  10.6  micron  energy,  the 
ignition  of  LSD  waves  is  often  delayed  and  the  scattering  of  data 
points  in  the  figure  indicates  the  difficult  nature  of  the  experiments 
The  target  samples  were  chemically  cleaned  but  are  typical  of  those 
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Summary  of  the  time  elapsed  for  the  LSD  wavefront  to  travel  a  given 
distance  for  several  samples. 


found  in  a  laboratory  with  unspecified  surfaces  in  which  contaminations 
on  the  surface  may  be  important. 

Figure  78  shows  the  average  forward  speed  of  an  LSD  wave  which 

traveled  between  1  and  4  mm  plotted  against  the  cube  root  of  the 

laser  pulse  energy  for  .several  targets.  For  an  ideal  detonation 
(4) 

wave  ,  the  speed  is  expected  to  be  proportional  to  the  cube  root 
of  the  power  density.  In  the  present  experiments,  the  10. 6p  laser 
pulse  exhibits  two  peaks  at  0.5  and  3usec  after  the  start  of  the 
pulse  (with  maximum  power  densities  of  5.0  x  10^  and  3.0  x  10^ 

1-7 cm  ,  respectively);  it  then  decays  to  zero  at  the  end  of  about  25usec. 
Since  the  surface  condition  and  ignition  delay  may  vary  from  one 
experiment  to  another,  the  'asor  power  responsible  for  each  LSD  wave 
also  varies.  In  view  of  this,  the  qualitative  agreement  with  the 
one-third  power  dependence  should  be  regarded  as  satisfactory. 

It  is  perhaps  evident  from  the  results  in  Figure  78  that  the 
average  speed  of  LSD  waves  generated  from  soda  glass  and  alumina 
are  somewhat  higher  than  that  from  the  other  two  targets.  One  possible 
reason  for  this  may  be  because  soda  glass  and  alumina  targets  yield 
metal  vapors  of  sodium  and  aluminum  which  are  easily  ionized.  We 
note  also  that  the  threshold  for  ignition  of  LSD  waves  are  also 
lower  for  soda  glass  and  alumina  (see  Section  V). 

For  a  cample  which  absorbs  the  10. 6p  laser  light  appreciably, 

a  blast  wave  propagating  normal  to  the  target  is  generated.  The 

emission  spectrum  in  such  a  case  consists  of  target  materials  which, 

in  contrast  to  t he  air  species,  travel  a  shorter  distance  at  a  slower 

o  + 

speed  and  emit  light  longer,  e.g.,  Ca  (4226.7  A)  and  Ca  (3933.7  and 
o  o 

3968.5  A)  from  boron  nitride  or  glass;  A1  (3944.0  and  3961.5  A) 

o 

and  AlO  (!>►>;,  with  zero-zero  at  4842.1  A)  from  alumina,  etc.  Thus, 
with  the  laser  beam  perpendicular  to  the  sample  surface,  one  first 
observes  the  LSD  wave  with  a  characteristic  air  spectrum  followed 
by  evaporated  materials  from  the  target. 


found  in  a  laboratory  with  unspecified  surfaces  in  which  contaminations 
on  the  surface  may  be  important. 

Figure  78  shows  the  average  forward  speed  of  an  LSD  wave  which 

traveled  between  1  and  4  mm  plotted  against  the  cube  root  of  the 

laser  pulse  energy  for  several  targets.  For  an  ideal  detonation 
(4) 

wave  ,  the  speed  is  expected  to  be  proportional  to  the  cube  root 

of  the  power  density.  In  the  present  experiments,  the  10. 6u  laser 

pulse  exhibits  two  peaks  at  0.5  and  3usec  after  the  start  of  the 

pulse  (with  maximum  power  densities  of  5.0  x  10^  and  3.0  x  lO'7 
2 

L'/ cm  ,  respectively);  it  then  decays  to  zero  at  the  end  of  about  ISpsec. 
Since  the  surface  condition  and  ignition  delay  may  vary  from  one 
experiment  to  another,  the  laser  power  responsible  for  each  I.SD  wave 
also  varies.  In  view  of  this,  the  qualitative  agreement  with  the 
one-third  power  dependence  should  be  regarded  as  satisfactory. 

It  is  perhaps  evident  from  the  results  in  Figure  /8  that  the 
average  speed  of  LSD  waves  generated  from  soda  glass  and  alumina 
are  somewhat  higher  than  that  from  the  other  two  targets.  One  possible 
reason  for  this  may  be  because  soda  glass  and  alumina  targets  yield 
metal  vapors  of  sodium  and  aluminum  which  are  easily  ionized.  We 
note  also  that  the  threshold  for  ignition  of  LSD  waves  are  also 
lower  for  soda  glass  and  alumina  (see  Section  V). 

For  a  sample  which  absorbs  the  10. 6p  laser  right  appreciably, 
a  blast  wave  propagating  normal  to  the  target  is  generated.  The 
emission  spectrum  in  such  a  case  consists  of  target  materials  which, 

in  contrast  to  the  air  species,  travel  a  shorter  distance  at  a  slower 

0  + 

speed  and  emit  light  longer,  e.g.,  Ca  (4226.7  A)  and  Ca  (3933.7  and 
o  o 

3968.5  A)  from  boron  nitride  cr  glass;  A1  (3944.0  and  3961.5  A) 

o 

and  A10  (B*-X,  with  zero-zero  at  4842.1  A)  from  alumina,  etc.  Thus, 
with  the  laser  beam  perpendicular  to  the  sample  surface,  one  first 
observes  the  LSD  wave  with  a  characteristic  air  spectrum  followed 
by  evaporated  materials  from  the  target. 
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Figure  79  shows  the  emission  spectra  of  laser-supported  absorp¬ 
tion  waves  excited  by  a  7.5 -joule  pulse  from  an  alumina  sample  and 
looking  at  4  mm  in  front  of  it.  At  2ysec,  the  spectrum  ie  very 
similar  to  the  air  spectrum  (N+  and  0+)  shown  in  figure  74.  The 
emission  intensity  decreases  to  a  minimum  after  4ysec  and  increases 
again  after  about  5usec  (similar  to  the  general  behavior  shown  in 
figures  75  and  76).  At  15ysec  after  the  st^rt  of  the  pulse,  the 
snectrum  exhibits  emission  features  of  Al  and  A10  superimposed  on 
the  "air"  spectrum. 

The  emission  spectrum  of  the  B-»X  transition  in  A10  is  of  particular 

interest  because  the  separations  of  the  vibrational  energy  levels 
2  + 

in  the  B  z  state  are  slightly  smaller  than  the  laser  photon  energy. 

Figure  80  shows  the  spectra  obtained  1  mm  in  front  of  an  alumina 

sample  with  several  different  energy  pulses.  For  the  15* and  7.5 ~ 

joule  cases,  strong  emission  from  N+  and  0+  is  excited  during  the 

earlier  part  of  the  laser  pulse.  At  16ysec,  however,  the  spectrum 

T  O 

consists  mainly  of  Al  and  A10  and  a  weak  N  5005  A  line.  On  the 
other  hand,  the  3.8-Joule  pulse  excites  a  weak  emission  from  the  air 
species  but  the  A10  features  are  quite  strong.  It  is  surprising  to 
find  that  the  emission  bands  of  Av  ■  2  and  1  are  much  stronger  than 
the  other  bands  of  Av  =  0,  -1,  and  -2  during  the  time  of  the  laser 
pulse.  (Compare  the  time-integrated  spectrum  of  the  B+X  transition 
in  A10  observed  in  an  LSB  wave  as  shown  in  figure  65.)  Furthermore, 
the  Av  =  2  band  is  more  intense  than  the  Av  ^  1  band  for  lower  energy 
pulses.  F  esumably,  this  is  due  to  .less  shielding  of  the  laser 
radiation  by  the  LSD  waves  generated  at  low  energy.  The  preference 
for  simultaneous  electronic  and  vibrational  relaxations  in  the  presence 
of  an  intense  laser  radiation  may  be  regarded  as  an  evidence  of  a 
kind  of  stimulated  emission.  However,  further  work  on  this  subject 
is  needed . 


Figure  79  Time-resolved  spectra  of  LSD  waves  observed  at  4  mm  from 
an  alumina  sample  at  several  Instants, 


4.4  DISCUSSION 

The  emission  spectra  of  sparks  produced  at  the  focus  of  a 

giant-pulse  ruby  laser  (hv  ■  1.78  eV)  have  been  studied  by  several 

authors (^3-47)  Typically,  the  plasma  consists  of  singly  charged 

atomic  species  from  air.  Gas  breakdown  with  pulsed  QOj  laser 

(1  48) 

radiation  (hv  ■  0.117  eV)  has  been  studied  by  Smitfm  '  and  the 

9  2 

breakdown  threshold  in  cold  air  was  found  to  be  about  2  x  10  W/cm  , 
depending  on  the  focused  spot  size.  With  external  sources  of  electrons 
to  initiate  the  cascade  process,  however,  the  threshold  could  be 
lowered  by  a  factor  of  five.  This  is  similar  to  the  theoretical 
considerations^^  and  the  present  observations  that  the  laser 
intensity  needed  to  maintain  a  laser-supported  detonation  (LSD) 
wave  is  lover  than  that  needed  to  ignite  it.  As  noted  in  the  first 
paper  on  this  subject breakdown  effects  were  observed  to  occur 
at  sample  surfaces  much  more  readily  than  in  a  gas. 

Our  present  studies  described  above  show  that  air  breakdown 
and  laser-supported  detonation  waves  can  be  triggered  by  a  solid 
surface  at  a  laser  intensity  much  below  the  cold  air  breakdown 
threshold.  The  gaseous  plasma  of  N+  and  C+  is  probably  a  general 
phenomenon  related  to  laser-supported  detonation  waves,  regardless 
of  the  ignition  process. 

It  is  of  interest  to  consider  the  role  of  a  solid  surface  in 

lowering  the  threshold  of  air  breakdown  induced  by  a  giant-pulse 

(4g) 

laser.  The  two-step  mechanism  for  gas  breakdown  is  believed 
to  be:  (a)  to  obtain  the  first  several  electrons  by  mult  iphoton 
ionization  and  (b)  to  multiply  the  number  of  electrons  in  a  cascade 
process.  In  the  present  experiments,  electron  emission  from  a  hot 
surface  layer  at  the  beginning  of  the  pulse  may  have  produced 
the  equivalent  of  mechanism  (a),  provided  the  surface  layer  absorbs 
appreciably  at  the  laser  wavelength.  Other  possibilities  which  may 
have  contributed  to  the  threshold  lowering  include:  (l)  metal  vapor 
of  a  low  ionization  potential  from  the  surface,  (2)  evaporated 
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materials  of  lower  electron  affinity  than  air,  and  (3)  enhanced 
electric  field  due  to  reflection  of  the  surface  and  surface 
irregularities. 
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SECTION  V 

IGNITION  THRESHOLDS  OF  LASER- SUPPORTED  ABSORPTION  WAVES 


The  determination  of  thresholds  for  ignition  of  laser-supported 
detonation  waves  involves  some  degree  of  arbitrariness.  The  reason 
for  this  difficulty  is  that  there  are  a  fairly  large  number  of  types 
of  waves  that  can  be  generated  at  solid  target  surfaces.  Some  of 
these  waves  have  been  discussed  in  Section  II  and  include:  (1)  vaporized 
jets  and  their  interaction  with  the  air  background,  (2)  laser- 
supported  combustion  waves  moving  at  very  low  velocity  and  exhibiting 
a  luminous  [  Lasma  column  extending  to  the  target  surface,  and  (5) 
laser-supported  detonation  waves  with  a  very  narrow  absorption  zone 
traveling  up  the  laser  beam.  A  partial  listing  of  various  other 
laser  effects  is  given  by  DeMichelis . 

At  the  present  time,  there  is  no  unified  ipnition  theory  for 

laser-supported  absorption  waves  ignited  at  solid  surfaces.  The 

results  given  here  show  that  absorption  waves  are  generated  with 

pulse  lengths  of  approximately  lOpsec  and  peak  incident  intensities 
7  2 

of  5  x  10  watts/cm  or  lower.  It  is  difficult  to  understand  under 
these  conditions  how  vaporization  can  occur  in  such  short  times  for 
highly  reflective  aluminum  surfaces  .  Experimentally,  however, 
one  obtains  such  waves  on  ail  tested  reflective  surfaces.  Other 
mechanisms  leading  to  ignition  from  solid  target  surfaces  include 
surface  defects,  desorption  of  gases  on  the  surface,  gas  breakdown 
induced  by  high  intensities  produced  at  reflective  surfaces,  and 
highly  absorbing  surface  defects. 

The  actual  surface  reflectivity  is  extremely  important  in  leading 
to  vaporization.  Both  the  initial  cold  reflectivity  and  the 
temperature  dependence  of  the  absorptivity  are  needed  in  order  to 
compare  a  vaporization  induced  ignition  theory  with  experiment. 

(52) 

Unfortunately  these  properties  are  not  well  known.  Chun  and  Rose 

(53) 

and  Bonch-Bruevich  have  considered  some  aspects  of  the  variation 

of  surface  reflectivity  and  material  properties  with  temperature. 

(54) 

Basov  has  also  considered  the  reduction  of  surface  reflectivity 
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with  laser  intensity.  Additional  theoretical  considerations  of  the 
metal  reflectivity  by  Uhihara^^  and  non-linear  effects  in  the 
surface  have  been  discussed.  It  appears,  however,  despite  these 
works,  that  the  determination  of  ignition  thresholds  for  most  common 
materials  remains  as  largely  an  empirical  study. 

5.1  MATERIAL  DEPENDENCE 

One  way  of  determining  ignition  thresholds  is  to  use  the  TRW 
image  converter  camera.  At  each  laser  energy  and  for  each  target 
material,  the  plasma  in  front  of  the  target  is  photographed.  An 
absorption  wave  traveling  up  the  laser  beam  can  then  be  distinguished 
from  vaporized  material  by  mounting  the  target  at  an  angle  to  the 
beam.  In  our  case,  the  target  normal  was  at  an  angle  of  30°  to  the 
incident  beam.  We  have  performed  such  a  sequence  of  measurements 
involving  many  laser  shots  and  many  materials  and  a  listing  of  these 
tested  materials  and  certain  of  their  characteristics  is  given  in 
Table  2. 

It  Is  evident  from  this  table  that  merely  taking  a  given  laser 
target  and  repeatedly  hitting  the  same  focal  sp- *  with  a  high  power 
laser  and  searching  for  absorption  waves  leads  to  erroneous  results. 
This  occurs  because  the  surface  is  either  cleaned  or  "dirtied"  by 
the  hot  plasma  from  previously  ignited  absorption  waves.  In  the 
case  of  silica,  for  example,  the  surface  is  cleaned  and  subsequent 
ignition  of  laser-supported  detonation  waves  is  impossible.  In 
the  case  of  tantalum,  on  the  other  hand,  the  surface  is  tarnished 
after  a  single  shot  and  the  ignition  thresholds  are  reduced. 

It  has  been  observed  with  certain  metallic  targets  (aluminum 
alloy,  tantalum,  copper  and  tungsten)  that  threshold  determination 
can  lead  to  a  hysteresis  effect  when  using  the  same  target  (and 
focal  spot)  and  Increasing  (or  decreasing)  in  steps  the  laser  flux  to 
reach  LSD  wave  ignition.  That  is,  as  the  threshold  was  reached 
by  increasing  the  laser  energy  it  was  found  that  the  ignition  energy 
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TABLE  2 

MATERIALS  TESTED  FOR  LSD  WAVE  THRESHOLDS 


MATERIAL _ 

Copper 

Tantalum 

Aluminum  alloy 
(7075) 

Oxidized  Aluminum 

Nickel 

Tungsten 

Stainless  Steel 
(Alloy  321) 

Si  lver 

Titanium 

Soda  Glass 

Polycarbonate 

I.ucite 

Silica 

Teflon 

Fiberglass  epoxy 
Cork 


COMMENTS 


Tested  with  U  different  cleaning  techniques. 
Tends  to  become  "cleaned"  by  the  laser 
pulse. 

Surface  chemical  reactions  caused  by  high 
surface  temperatures  caused  tarnishing 
and  reduced  reflectivity. 

No  easily  observed  surface  damage. 

o  o  o 

Oxide  layers  20  A,  200  A,  and  2000  A  thick 
show  no  noticeable  differences  in  thresholds. 

Doesn't  tarnish  easily. 

Becomes  discolored  after  several  laser 
shots  on  the  same  spot. 

Surface  melting  and  tarnishing  occurs 


Multicolor  surface  discoloration  occurs. 

Surface  melting  and  tarnishing  occurs. 

Ignites  LSD  waves  with  multiple  shots 
on  the  same  spot. 

Ignited  LSD  waves  with  multiple  shots  on 
the  same  spot. 

First  pulse  makes  LSD  waves  but  subsequent 
pulses  are  absorbed  at  surface  making  a 
vapor  jet. 

First  pulse  makes  LSD  waves  but  subsequent 
pulses  are  absorbed  at  surface  leading  to 
vapor  jets. 

First  several  pulses  ignited  LSD  waves 
but  eventually  ignition  is  not  achieved 
and  vapor  jets  are  produced. 

Each  shot  on  same  spot  ignited  LSD  waves 

Each  shot  on  same  spot  ignites  LSD  waves. 
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TABLE  2  (Continued) 


MATERIAL 


Alumina 


Painted  aluminum 


COMMENTS 


Golden  brown  colored  stain  forms  and 
LSD  waves  are  ignited. 

Three  types  of  paint  tested,  absorption 
waves  form  readily. 
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was  greater  than  that  observed  when  the  threshold  was  reached  by 
lowering  the  laser  energy.  A  possible  interpretation  of  this 
effect  is  that  the  lower  energies  tend  to  clean  the  surface  of  the 
target  whereas  the  existence  of  the  detonation  wave  tends  to  contaminate 
the  target.  For  both  tantalum  and  aluminum,  this  effect  is  very 
pronounced  leading  to  factor  of  two  differences  in  threshold  levels. 

It  thus  was  imperative  that  new  samples  be  used  on  each  shot  and 
a  standard  cleaning  procedure  adopted  for  determining  thresholds. 

The  exact  process  of  cleaning  target  surfaces  docs 
not  appear  to  be  too  Important.  This  is  true  at  least  for  surfaces 
which  don't  have  obvious  sources  of  contamination,  such  as  finger¬ 
prints.  For  example,  several  materials  were  tested  with  different 
cleaning  techniques  and  no  important  differences  in  LSD  wave  thresholds 
were  found.  These  tests  were  done  for  stainless  steel  (aloy  #321) 
where  two  surface  preparation  techniques  were  used  which  led  to 
visual  differences  in  the  two  samples,  but  the  thresholds  tor  le.niting 
LSD  waves  were  very  close.  For  copper,  four  different  cleaning 
techniques  were  tested,  and  again  little  change  in  LSD  wave  thresholds 

were  found.  For  oxidized  aiuminum,  with  oxide  layers  approximately 
o  o  o 

20  A,  200  A,  and  2000  A  thick  again  no  important  differences  in 
thresholds  were  obtained.  There  are  more  sophisticated  sample 
preparation  techniques  which  were  not  used  here.  These  include 
vacuum  heating  at  low  pressure  and  electron  and  ion  beam  desorption 
of  gases.  It  was  felt,  however,  that  the  most  important  threshold 
determinations  were  for  "practical"  surfaces  exposed  to  atmospheric 
conditions.  In  all  cases,  however,  chemically  clean  samples  were 
used  for  each  laser  shot  in  che  determination  of  ignition  of  LSD 
waves.  These  samples  were  typically  squares  approximately  1.2  cm 
on  a  side  and  varying  in  thickness  from  .03  to  .20  cm.  In  all  cases, 
the  target  was  placed  at  the  position  of  the  minimum  focal  spot 
area.  Additionally,  the  laser  operating  conditions  were  kept  constant 
for  all  shots.  Thus  the  gas  mixture  ratios,  pressure,  and  voltage 
of  the  Marx  Hank  Laser  were  fixed.  Energy  density  changes  at  the 
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target  were  accomplished  by  the  use  of  plastic  attenuators  (Handi- 
Wrap,  Tedlar)  near  the  laser  output  mirror.  In  this  way  rhe  energy 
and  power  monitors  of  the  laser  beam  indicated  the  true  variations 
actually  incident  on  the  target.  These  attenuators  are  described 
in  Appendix  A  where  it  is  also  shown  that  they  don't  significantly 
change  the  power  density  distribution  at  the  target. 

On  the  basis  of  monitoring  only  the  image  converter  photographs 

of  absorption  waves  ignited  at  targets,  the  thresholds  indicated  in 

Table  3  are  obtained.  These  thresholds  are  based  only  on  the  visual 

appearance  of  image  converter  photographs  of  waves  traveling  up  the 

laser  beam.  In  many  cases,  their  appearance  is  of  a  rather  long 

luminous  column  extending  to  the  target.  Near  threshold,  however, 

these  waves  do  not  have  the  appearance  of  the  narrow-absorption 

zone  of  laser-supported  detonation  waves.  In  many  cases,  one  can 

observe  weaker  intensity  sparks  at  the  target  surface  at  even  lower 

laser  intensities  than  given  in  Table  3.  These  have  not  been  classified 

as  igniting  absorption  waves,  however,  since  there  is  no  evidence 

that  they  travel  up  the  laser  beam  and  away  from  the  target.  The 

energy  density  thresholds,  E^,  given  in  Table  3  were  obtained  by 

dividing  the  total  laser  energy  incident  on  the  target  sample  by  the 

beam  area.  The  energy  incident  on  the  sample  up  until 

time  of  ignition  was  not  directly  measured.  Typically,  however,  the 

time  of  ignition  was  between  .25  and  .5u:.ec.  The  peak  laser  intensity, 

2 

^max  (watts/cm  )»  was  obtained  by  a  numerical  integration  of  the 
laser  power  detected  by  the  gold-doped  germanium  detector  and  comparison 
with  the  laser  energy  measured  by  the  calorimeter.  The  intensity, 
q  ,  corresponds  to  the  first  laser  peak  occurring  at  approximately 

nidx 

.5usec.  (We  have  utilized  both  q  and  I  as  symbols  designating 
laser  intensity  in  this  report.) 

As  mentioned  above,  the  ignition  thresholds  for  laser-supported 
detonation  waves  can  be  determined  by  an  analysis  of  the  TRW  image 
converter  photographs.  Our  attempts  to  use  the  former  method  alone 
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TABLE  3 


THRESHOLDS  FOR  IGNITION  OF  LASER-SUPPORTED  ABSORPTION  WAVES  USING 
A  28  CM  FOCAL  LENGTH  LENS  AND  USING  A  NEW  SPECIMEN  FOR  EACH  TEST 
AT  ONE  ATMOSPHERE.  THRESHOLD  DETERMINED  BY  IMAGE  CONVERTER 
PHOTOGRAPHS  OF  LUMINOSITY 


Material 

ET (joules/cm  ) 

%iax  (wat*'s/cm 

Copper  Foil 

266 

3.&3  x  107 

Lucite 

258 

3.72  x  107 

Polished  Tungsten 

229 

3.30  x  107 

Copper  Plate 

192 

2.8  x  107 

Tungsten  Plate 
(unpol ished) 

186 

2.68  x  107 

A  Lunin  uni 
(707.5  alloy) 

176 

2.53  x  107 

Aluminum  Foil 

160 

2.30  x  107 

Tantalum 

128 

1.84  x  107 

Carbon 

88 

1.27  x  107 

Aluminum  Black 
(very  heavily 
anodized  aluminum) 

87 

1.25  x  107 

Lead  Foil 
(polished) 

64 

.92  x  107 

Lead  Plate 

43 

.62  x  107 

(unpolished) 
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have  met  with  problems,  however.  This  method  cannot  resolve  the 
difference  between  a  very  short-lived  LSD  wave  ignited  near  threshold 
and  other  plasma  phenomena  in  front  of  the  specimen.  Sometimes  a 
blaat  wave,  vapor  jet,  or  even  a  hot  specimen  surface  will  look 
the  same  as  a  LSD  wave  near  threshold.  In  particular,  measurements 
at  pressures  less  than  1  atmosphere  made  this  decision  about 
ignition  difficult.  A  monitor  of  the  specularly  reflected  beam 
power  from  the  target  provided  a  much  sharper  indication  of  the  ignition 
of  laser-supported  absorption  waves  by  being  able  to  discriminate 
between  highly  absorbing  plasmas  and  only  weaksurface  sparks.  Ir 
somewhat  the  some  manner  used  for  determination  of  air  breakdown 
thresholds^,  a  somewhat  arbitrary  definition  of  LSD  wave  threshold 
was  selected  as  occurring  when  the  actual  reflected  power  drops 
t  >  less  than  .1%  of  the  expected  unblocked  reflected  power  as  determined 
from  the  incident  power  temporal  shape. 

The  materials  to  be  examined  were  attached  to  an  aluminum  block 
set  at  30°  to  the  plane  of  laser  beam.  This  provided  an  elliptical 
spot  at  the  target  of  A  ram  major  axis  and  3  mm  minor  axis  when  the 
focusing  mirror  had  a  focal  length  of  40  cm.  With  a  focal  length 
of  28  cm,  the  elliptical  focal  spot  on  target  had  dimensions  of  2.4  ram 
by  3  nun.  The  specularly  reflected  beam  from  the  target  wa6  collected 
by  another  mirror,  attenuated  and  focused  on  a  gold-doped  germanium 
detector.  A  narrow-band  10. filter  on  the  detector  eliminated  the 
intense  light  from  the  LSD  wave.  By  comparing  the  incident  power 
shape  versus  time,  obtained  with  a  second  detector,  with  the 
reflected  power  one  can  determine  the  ignition  of  the  laser-supported 
absorption  wave. 

The  detector  which  measured  the  reflected  light  showed  that  for 
some  metals,  when  the  ignition  threshold  was  approached,  the 
detonation  wave  could  occur  near  the  end  of  the  laser  pulse.  This 
effect  is  shown  in  figure  81,  which  indicates  the  time  variation  of 
both  the  incident  laser  power  and  the  reflected  laser  power.  In 
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Figure  81:  TIME  VARIATION  OF  BOTH  INCIDENT  AND  REFLECTED  POWER  AT  A  COPPER  TARGET. 
FIGURE  81a  CHOWS  IGNI TION  OF  L  ASER  SUPPORTED  DETON  A  TION  WA  VES  WITHIN 
ABOUT. 5  nSEC.  FIGURE  8  iu  ON  THE  OTHER  HAND  SHOWS  DELAYED  IGNITION  AT 
ABOUT 2.5  tiSECS.  THIS  WAS  CAUSED  B  Y  THE  CLEANING  EFFECT  OF  THE  FIRST 
LASER  PULSE. 


figure  81a,  an  LSD  wave  was  ignited  on  a  copper  target  early  in  the 

laser  pulse  as  indicated  by  the  rapid  loss  of  reflected  power  for  times 

greater  than  . 5usec.  The  small  spikes  on  the  oscillograph  traces 

of  the  incident  power  were  signals  obtained  from  the  image  converter 

camera  indicating  when  image  converter  pictures  were  taken.  There 

are  always  a  series  of  three  such  spikes  and  the  first  one 

indicates  when  sufficient  light  was  present  from  the  plasma  to 

trigger  the  camera.  In  both  figures  81a  and  81b,  the  total  laser 

energy  was  approximately  17  joules  indicating  an  energy  density  at 

2 

the  target  of  approximately  380  joules/cm  and  a  peak  intensity  at 

7  2 

the  first  laser  spike  of  5.6  x  10  watts/cm  . 

Figure  81b  was  obtained  under  essentially  the  same  conditions 
as  those  of  figure  81a  except  that  the  laser  beam  was  incident  on  the 
same  spot  as  hit  previously.  It  is  evident  that  ignition  of  laser- 
supported  detonation  waves  is  delayed  by  approximately  2psec.  This 
is  evidently  due  to  a  "cleaning"  effect  caused  by  the  hot  plasma  of 
the  first  shot  on  the  target.  Because  of  this  "delayed  ignition" 
effect  near  threshold,  it  is  useful  to  also  indicate  threshold 
intensities  in  terms  of  energy  density.  This  observed  sudden  decrease 
of  reflected  energy  from  the  target  (or  a  sudden  increase  in 
absorption)  has  been  discussed  by  Vilenskaya^^  and  Nemchinov 
in  terms  of  surface  plasmas. 

Further  measurements  of  ignition  of  absorption  waves  were  performed 
with  a  28-cm  focal  length  lens  (and  mirror) .  This  produced  a  minimum 
beam  diameter  of  2. A  mm  with  an  elliptical  focal  spot  on  the  target 
normally  inclined  at  30°  to  the  beam  axis.  (The  major  diameter  on 
target  was  3  mm.)  The  results  of  Table  A  were  determined  by 
analyzing  both  the  image  converter  photographs  and  the  reflected  power. 
(The  reflected  power  technique  is  not  feasible  for  highly  absorbing 
targets  such  as  lucite,  silica,  and  lexan.  )  The  determination  of 
absorption  waves  for  highly  absorbing  targets  is  difficult  since 
these  materials  can  produce  both  blast  waves  induced  by  vapor  jets 
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TABLE  4 


THRESHOLDS  FOR  IGNITION  OF  LASER-SUPPORTED  ABSORPTION  WAVES  USING 
A  2S-CM  FOC/L  LENGTH  LENS  AND  USING  A  NEW  SPECIMEN  FOR  EACH  TEST 
AT  ONE  ATMOSPHERE  THRESHOLD  DETERMINED  BY  MEASURING  REFLECTED 


SIGNAL 

E 

Material  _T 

(J/ctt2) 

(watts/cm2 

4.5  x  107 

Fused  Silica 

310 

Lucite 

310 

4.5  x  107 

Lexan  (polycarbonate) 

280 

4.0  x  107 

k2o 

220 

3.2  x  107 

Teflon 

195 

2.8  x  107 

Copper 

191 

2.75  x  107 

Painted  Aluminum 

(.001  cm  gloas  black  lacquer) 

173 

2.5  x  10' 

Titanium 

160 

2.3  x  107 

Fiberglass  Epoxy 

158 

2.3  x  107 

Cork 

1A4 

2.1  x  107 

Nickel 

137 

1.97  x  107 

Tungsten 

124 

1.79  x  107 

Soda  Glass 

106 

1.52  x  107 

Painted  Aluminum 
(.004  cm  red  enamel/ 

85 

1.22  x  107 

Aluminum  Foil 

84 

1.2  x  107 

Aluminum  7075  Plate 

75 

1.08  x  107 

Lead 

68 

.98  x  107 

Alumina 

59 

.85  x  107 

Painted  Aluminum 

(.004  cm  flat  black  lacquer) 

42 

.60  x  107 
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and  absorption  waves.  Near  threshold,  it  becomes  difficult  to 
distinguish  between  the  two  classes  of  waves  and  indeed  the  image 
converter  photographs  show  that  during  a  single  laser  pulse  that 
both  types  of  waves  can  exist  at  different  times  of  the  laser  pulse. 

The  laser  intensities,  end  the  laser  energy  density,  E^, 

are  defined,  as  in  Table  3,  using  the  first  peak  of  the  laser  power 
and  the  laser  spot  size  on  the  target.  It  should  be  noted  by  comparing 
the  data  of  Tables  3  and  4  that  threshold  determinations  using  only 
luminosity  as  a  guide  tend  to  indicate  lower  thresholds  than  when 
the  reflected  target  signal  is  used. 

5.2  PRESSURE  DEPENDENCE  OF  IGNITION  OF  LASER-SUPPORTED  DETONATION 

WAVES 

A  pressure  chamber  was  constructed  for  these  measurements  and 
is  shown  in  figure  3.  It  has  two  NaCl  windows,  one  to  admit  the 
incident  beam  and  one  to  allow  a  detector  to  monitor  the  reflected 
beam.  This  pressure  chamber  was  used  with  a  10-cm  diameter  28-cm 
focal  length  KCl  lens.  A  measurement  of  the  focal  spot  on  lucite 
gave  a  diameter  of  0.24  cm,  in  agreement  with  previous  indications. 

The  experimenter  sights  through  a  cathetometer  and  the  transparent 
walls  of  the  lucite  chamber  to  position  the  specimen  at  the  focal 
spot.  The  target  is  usually  inclined  with  its  normal  30°  above  the 
incident  horizontal  beam. 

The  theory  of  LSD  wava  propagation  indicates  a  sustaining  power 

(2  3) 

intensity  that  decreases  as  the  background  pressure  decreases  ’ 

In  our  experiments,  which  of  course  include  effects  of  both  ignition 
and  propagation  of  absorption  waves,  no  such  decrease  in  intensity 
was  observed.  In  fact,  the  most  interesting  fact  to  come  from 
these  measurements  is  the  diversity  of  ignition  threshold  behavior 
with  pressure  change  as  shown  in  figure  82.  The  three  metals 
do  appear  to  follow  the  same  negative  pressure  dependence  and  their 
LSD  wave  ignition  thresholdsare  found  to  be  roughly  in  the  same 

proportion  as  their  melting  temperatures:  Ti:  3.25,  Al:  1.56, 

(59) 

Pb:  1'  .  Nonmetals  either  show  no  variation  with  pressure  or 
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Figure  82.  PRESSURE  DEPENDENCE  OF  IGNITION  THRESHOLDS  OF  LASER-SUPPORTED  ABSORPTION 
WAVES  FOR  SIX  SPECIMEN  MA  TERIALS  (ERROR  BARS  ARE  SHOWN  ONL  Y  FOR  LEAD) 


else  show  an  Increased  threshold  as  the  pressure  increases. 

Ir  figure  82,  error  bars  are  shown  only  for  ignition  thresholds 
for  lead  targets.  These  error  bars  arise  because  there  is  a 
statistical  behavior  of  a  given  type  of  target  material  in  igniting 
LSD  waves.  That  is,  repeating  a  given  laser  energy  on  two  different 
samples  of  the  same  target  material  will  not  necessarily  lead  to  the 
same  ignition  phenomena  (especially  near  thresholds).  In  figure  82, 
the  top  of  the  error  bar  represents  the  energy  density,  above  which 
LSD  waves  are  always  ignited.  The  bottom  of  the  error  bar  represents 
the  energy  density  level  below  which  no  LSD  waves  were  ever  ignited. 
The  length  of  the  error  bar,  at  a  given  ambient  pressure,  then 
represents  the  statistical  behavior  of  the  given  target  material 
in  igniting  absorbing  plasmas.  These  uncertainties  were  determined 
by  analysis  of  the  specularly  reflected  laser  beam  from  the  target, 
as  discussed  previously,  and  were  approximately  the  same  for  all 
types  of  materials. 

Another  feature  of  LSD  waves,  as  pressure  is  reduced,  is  the 
fading  of  any  clear  cut  appearance  in  the  photographs.  Below  0.1 
atmosphere,  the  framing  camera  record  of  LSD  waves  gradually  begins 
to  change  to  a  more  tenuous  "blast  wave"  as  shown  in  Section  II. 

For  this  reason,  the  pressure  dependence  data  in  figure  82  should 
not  be  expected  to  tell  the  full  story  below  0.1  atmosphere  even 
though  it  accurately  reflects  plasma  blocking  of  the  beam.  It 
should  also  be  stressed  that  this  plasma  blocking  becomes  a  phenomenon 
with  a  shorter  and  shorter  life  as  pressure  is  reduced. 
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SECTION  VI 
TARGET  RESPONSE 


This  section  discusses  the  response  of  several  selected  target 
materials  to  high-power  laser  beams.  Target  response  includes  such 
effects  as  melting,  vaporization,  and  impulsive  forces  exerted  on 
the  target.  All  these  damage  mechanisms  require  coupling  of  laser 
energy  either  to  the  target  surface  or  to  the  atmosphere  surrounding 
the  target.  Coupling  is  dependent  on  an  extremely  large  number  of 
factors  which  can  be  divided  into  those  effects  that  occur  either 
in  front  of  the  target  surface  or  at  the  target  surface  itself. 

In  front  of  the  target,  laser-supported  absorption  waves  occur  which 
reduce  the  laser  intensity  reaching  the  surface.  In  addition,  the 
vaporized  blow-off  material  itself  can  interact  both  with  the  laser 
beam  and  with  the  ambient  atmosphere  to  produce  blast  waves.  Thus 
the  gas-dynamic  processes  in  front  of  the  target  are  important  in 
determining  impulsive  target  loads  generated  either  by  direct 
reaction  of  the  vaporized  target  or  by  the  pressure  disturbances 
produced  by  the  absorption  waves.  All  these  plasma-related 
absorption  effects  also  are  crucial  in  determining  the  amount  of 
laser  energy  reaching  the  target. 

At  the  target  surface,  a  complex  sequence  of  effects  occurs, 
including  heating,  vaporization  and  plasma  generation.  The  energy 
coupled  to  the  target  surface  by  direct  absorption  at  the  surface 
depends  on  all  the  above  factors  as  well  as  the  surface  reflectivity. 
We  have  accordingly  performed  several  experiments  whose  goal  is  to 
determine  target  response  as  defined  by  impulsive  forces,  pressure 
distribution  and  material  removal. 

6.1  MATERIAL  REMOVAL 

A  sequence  of  several  hundred  laser  shots  was  used  in  order 
to  determine  energy  requirements  to  remove  target  material  at  high 
power  densities.  The  materials  tested  were  Lucite  and  Lexan  and  were 
chosen  because  of  their  differences  in  forming  LSD  waves.  As  noted 
previously,  both  Lucite  and  silica  ignite  LSD  waves  from  the  first 
laser  pulse  incident  on  a  chemically  cleaned  surface.  Subsequent 
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pulses  on  the  same  spot  do  not  ignite  any  absorption  wave  traveling 
up  the  laser  beam.  This  indicates  a  plasma  surface  cleaning  ability. 
On  the  other  hand,  a  material  such  as  Lexan  (polycarbonate)  is  found 
not  to  be  cleaned  by  the  plasma  produced  at  the  surface  and  LSD 
waves  are  ignited  with  each  subsequent  laser  pulse. 


Data  given  in  the  appendix  show  the  cross  sectional  area  of 
holes  produced  in  Lucite  and  indicate  the  relatively  smooth  energy 
density  profile  of  the  Marx  Bank  Laser.  For  Lucite,  single  shot 
craters  are  shown  in  figure  83,  where  one  sees  an  increasing  crater 
dimension  with  laser  energy.  It  is  interesting  to  note  that  for  a 
laser  delivered  energy  of  approximately  15  joules  that  we  can  obtain 
two  crater  shapes,  dependent  on  whether  or  not  LSD  waves  were  ignited. 
The  extreme  right  hand  crater  in  figure  83  was  produced  when  a  LSD 
wave  was  ignited.  It  should  be  noted  that  the  shape  tends  to  be 
square  (instead  of  circular).  This  phenomena  is  not  related  to 
Lucite  only  but  has  been  observed  with  several  different  materials. 


Figure  84  shows  the  shapes  of  holes  produced  in  Lexan  at  various 

laser  energies.  The  average  energy  density  is  found  by  dividing 

2 

the  area  of  the  laser  spot  (S  :  .045  cm  )  and  the  peak  intensity 
(in  watts/cm^)  is  obtained  by  multiplying  the  laser  energy  by  3.2  x 
10^).  One  notes  a  qualitative  change  in  the  hole  shape  when  LSD 
waves  are  formed  in  Lexan.  lor  Lucite,  on  the  other  hand,  (see  appen¬ 
dix)  no  LSD  waves  were  ignited  even  at  the  highest  power  density 
(after  the  first  "preliminary"  pulse). 


For  both  materials,  Lexan  and  Lucite,  we  have  measured  the  laser 
energy  required  to  remove  material  as  a  function  of  power  density. 

The  basic  data  are  shown  in  Tables  5  and  6.  Crater  volume  was  measured 
with  a  microsyringe  filled  with  methanol.  The  mass  densities  were 

3 

assumed  to  be  1.2  and  1.25  grams/cm  ,  respectively  for  Lucite  and 
Lexan.  The  data  given  in  Tables  5  and  6  are  plotted  in  figure  85. 
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TABLE  5 

MATERIAL  REMOVAL  FROM  LUCITE  AS  A  FUNCTION  OF  POWER  DENSITY 


Joules 

Per 

Laser 

Shot 

Joules/ 
cm  ^ 

Maximum 
Intensity 
q  (watts/ 

cm^) 

1.1 

24.4 

3.5  x  106 

1.9 

42.2 

6.0  x  106 

3.5 

77.8 

1.1  x  107 

8.1 

180 

2.6  x  107 

16 

356 

5.1  x  107 

Maximum 

Penetra¬ 

tion 


Number 

Of 

Shots 

Depth 

(Total) 

(Milli- 

Meters) 

Total 

Volume 

(Micro¬ 

liters) 

Kilo- 

Joules 

Per 

Gram 

17 

.87 

3.25 

4.75 

13 

1.09 

4.92 

4.15 

10 

1.47 

7.13 

4.1 

6 

1.52 

7.5 

5.3 

4 

1.7 

8.7 

6.15 
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TABLE  6 


MATERIAL  REMOVAL  FROM  LEXAN  (POLYCARBONATE) 
AS  A  FUNCTION  OF  POWER  DENSITY 


Maximum 

Penetra¬ 

tion 


Joules 

Per 

Laser 

Shot 

Joules/ 

2 

cm 

Maximum 
Intensity 
q  jjwatts/ 
cm  ) 

Number 

Of 

Shots 

Depth 
(Total; 
(Milli- 
*'  "ers) 

Total 

Volume 

(Micro¬ 

liters) 

Kilo- 
Joules 
P  er 
Gram 

.31 

6.87 

.99  x  106 

27 

.2 

.5 

13.5 

1.1 

24.3 

3.48  x  106 

17 

.56 

1.85 

8.1 

1.65 

36.7 

5.25  x  106 

20 

1.2 

4.95 

5.4 

3.89 

86.4 

1.24  x  107 

10 

1.35 

5.4 

5.8 

8.05 

179 

2.6  x  107 

10 

1.14 

3. 

21.4 

8.2 

182 

2.61  x  107 

10 

1.03 

6.2 

10.7 

15 

333 

4.8  x  107 

12 

.98 

2.1 

66 
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LASER  ENERGY  PER  GRAM  REQUIRED  TO  REMOVE  MA  TERu  :  FROM  BOTH  POL  YCARBONA  TE  AND  LUCITEASA  FUNCTION 
OF  ENERGY  DENSITY.  MULTIPLY  ENERGY  DENSITY  ORDINATE  BY  1.44  X  13^70  OBTAIN  PEAK  INTENSITY  IN  WATTS/CM*. 


The  energy  required  to  remove  mass  is  much  greater  for  Lexan 

(polycarbonate)  than  for  Lucite  (acrylic.)  for  power  densities  greater 
7  2 

than  2  x  10  watts/cm  .  This  occurs,  of  course,  because  of  the 

formation  of  LSD  waves  from  Lexan.  From  figure  85  one  finds,  for 
7  2 

q>1.4  x  10  watts/cm  .that  the  joules  per  gram  required  to  remove 

polycarbonate  increase?  as  nearly  the  1.5  power  of  intensity  due 

to  the  ignition  of  LSD  waves.  For  Lucite,  on  the  other  hand,  the 

joules  per  gram  increases  as  only  the  one-third  power  of  intensity 

which  is  due  to  plasma  absorption  in  the  blow-off  target  material. 

It  is  interesting  to  note  that  the  peak  intensity  at  which  the 

energy  removal  rate  decreases  rapidly  for  Lexan  (approximately 
7  2 

q  -  1.4  x  10  watts/cm  )  is  approximately  one-thjrd  the  intensity 
required  for  ignition  of  laser-supported  absorption  waves  as  indicated 
in  Table  4. 

6.2  IMPULSE 

The  laser-delivered  impulse  to  several  targets  was  measured 
with  a  linear  velocity  transducer  (LVT)  in  the  geometry  shown  schema¬ 
tically  in  figure  86.  The  LVT  (Trans-Tek  model  100,000)  had  a 
sensitivity  of  48  millivolts  per  cm/sec.  By  measuring  the  peak 
voltage  response  of  the  LVT  after  pulsing  the  target  with  the  laser 
beam,  one  determines  the  delivered  impulse.  This  is  done  by 
measuring  both  the  target  and  core  mass  and  using  the  elementary 
relation 


I  =  mV 


(17) 


where 

I  ■*  delivered  impulse  (dyne-sec) 
m  ■  total  target  mass  (grams) 

V  =  target  velocity  (cm/sec) 

(In  equation  17,  I  represents  impulse  and  not  laser  intensity). 
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Figure  87  shows  the  variation  of  impulse  delivery  with  energy 
density  to  a  Lucite  target.  The  target  had  a  square  cross-sectional 
area  (.64  cm  on  a  side)  and  a  mass  of  .19  gram.  One  notes  an 
increase  in  impulse  to  a  maximum  1/E  ■  9  dyne-sec/joule. 

Assuming  all  the  laser  energy  was  delivered  in  an  area  of 
2 

S  =  .045  cm  and  an  effective  energy  delivery  time  interval  t  =  15 
microseconds,  one  finds  an  average  pressure  p-  of 


P  ° 


I 

tS 


(14) (9) 
(15) (.045) 


187  atmospheres 


(18) 


The  results  of  figure  87  should  be  compared  with  the  results  of 
(8) 

Rudder  where  LSD  waves  were  ignited  and  obviously  greatly  reduced 
delivered  impulse. 

In  the  presence  of  LSD  waves,  the  delivered  impulse  for  a 
Lucite  target  is  greatly  reduced  as  seen  by  the  single  point  on 
figure  87  at  a  delivered  energy  of  17.5  joules.  This  particular 
case  was  obtained  as  the  first  shot  on  a  fresh  Lucite  sample  which 
ignited  a  LSD  wave.  As  noted  previously,  such  a  first  pulse 
"cleans"  cite  target  surface  and  subsequent  pulses  do  not  ignite  LSD 
waves . 

Aluminur.  alloy  targets,  on  the  other  hand,  tend  to  ignite  LSD 
waves  even  with  many  laser  shots  on  the  same  focal  spot.  As  a 
consequence,  the  delivered  impulse  is  quite  low  as  seen  from  figure 
88.  The  data  here  consisted  of  two  different  kinds  of  targets. 

The  smallest  target  was  a  circular  disk  of  .42  cm  diameter.  The 
larger  targets  had  a  square  cross-sectional  area  with  dimensions 
of  .64  and  1.27  cm.  It  is  evident,  as  previously  noted^\  that  the 
delivered  impulse  does  tend  to  increase  as  the  area  of  the  target 
increases.  This  effect  Is  due  to  the  existence  of  the  radially 
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Figure  87:  VARIATION  OF  SPECIFIC  IMPULSE  l/E  FOR  LUCtTE  AS  A  FUNCTION  OF  ENERGY  DENSITY. 

MUL  TIFL  Y  ENERGY  DENSITY  BY  1.44  X  llfi  TO  OBTAIN  PEAK  INTENSITY  IN  WA  TTS/CM2. 
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driven  shock  wave  sweeping  across  the  target  plane.  This  shock 
wave  is  similar  to  a  blast  wave  with  its  energy  source  the  laser 
energy  transferred  to  the  gas  motion  behind  the  front  of  the  LSD 

(9) 

wave  .  Our  present  amount  of  date  doesn't  permit  an  accurate 
determination  of  a  scaling  law  for  the  dependence  of  I/E  on  target 
area.  However,  one  can  see  from  figure  88,  that  to  a  first 
approximation  that  I/E  is  nearly  linearly  proportional  to  target 
area. 


It  should  be  noted  that  the  total  impulse  delivered  to  targets 
when  LSD  waves  are  ignited  is  considerably  less  than  that  when  the 
primary  Impulse  is  due  to  target  vapor  blow-off.  For  this  reason, 
one  expects  less  of  a  dependence  of  I/E  on  target  dimensions  for 
Lucite  targets  than  for  aluminum  (or  other  metal)  targets. 

6.3  PRESSURE  MEASUREMENTS 

An  acousto-optical  pressure  transducer  has  been  utilized  no 
make  pressure  measurements  in  the  vicinity  of  laser-supported 
detonation  waves^^.  This  transducer  is  based  on  the  principle 
of  an  air  pressure  wave  (or  shock  wave)  coupling  to  an  acoustic 
wave  in  a  transparent  glass  rod.  The  pressure  wave  induces 
birefringence  in  the  rod  through  the  stress-optic  mechanism.  The 
induced  birefringence  is  monitored  optically  by  measuring  the  intensity 
variation  of  one  of  the  components  of  a  circularly  polarized  light 
beam  passing  through  the  diameter  of  the  rod.  A  thin  rod  is  used 
in  order  to  obtain  good  high-frequency  response.  (In  our  case,  the 
acoustic  wave  transmitted  down  the  rod  is  nearly  dispersior.less 
for  frequency  components  less  than  one  megacycle.) 

Figure  89  shows  an  exploded  view  of  the  pressure  transducer. 

The  laser  (in  our  case,  a  He-Ne  spec tra-physics  Model  119)  emits 
a  linearly  polarized  beam  of  light  which  *.s  changed  into  a  circular 
polarization  by  a  quarter-wave  plate.  The  beam  is  then  focused 
by  a  lens  at  the  center  of  the  glass  rod.  An  acoustic  wave  (or 
pressure  pulse)  incident  on  the  end  of  the  glass  rod  will  be 
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PRESSURE  TRANSDUCER  FOR  DETONATION  WAVE  DIAGNOSTICS 
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transmitted  down  the  glass  rod  as  a  one-dir.enslonal  acoustic  wave. 

(A  one- dimensional  wave  is  produced  for  low  enough  frequencies  . ) 

In  figure  89,  the  laser  target  is  shown  mounted  directly  to 
the  end  of  the  glass  rod,  however,  in  most  of  our  experiments  this 
was  not  done.  The  stresses  generated  in  the  glass  rod  by  the 
acoustic  wave  modify  the  state  of  polarization  of  the  initially 
circularly  polarized  beam.  As  a  consequence,  the  beam  exiting  from 
the  glass  rod  is  elliptically  polarized.  The  change  in  polarization 
of  the  beam  can  then  be  determined  by  mounting  a  polarizing  filter 
(Polaroid)  with  transmission  inclined  at  45°  to  the  rod  axis.  For 
small  enough  stresses,  the  variation  of  the  detected  signal  at  the 
detector  is  then  linearly  proportional  to  the  stress  in  the  rod. 

This  device  automatically  provides  a  delay  between  the  input 
pressure  pulse  and  the  detector  output  and  is  useful  in  reducing 
electrical  interference  (such  as  caused  by  the  Marx  Bank  electrical 
laser) 

It  is  particularly  of  interest  to  determine  the  pressure 
distribution  excited  in  the  plane  of  a  target  from  which  a  laser- 
supported  detonation  has  been  ignited.  This  is  important  since  the 
pressure  waves  induced  by  the  LSD  wave  interact  with  the  target 
to  produce  additional  impulse.  To  evaluate  this  mechanism,  however, 
one  must  also  know  the  pressure  time  history  at  the  surface. 

Figure  90  shows  a  schematic  diagram  of  the  measurement  scheme.  The 
pressure  transducer  is  mounted  on  a  moveable  table  constructed  from 
a  milling  table  head  and  can  be  moved  relative  to  the  fixed  ignition 
position  of  the  LSD  wave.  The  transducer  glass  rod  of  diameter  2  mm 
is  moved  in  the  slot  (of  width  2.5  mm).  By  changing  the  distance 
r  (from  the  rod  to  the  center  cf  the  focal  spot)  and  making  a  sequence 
of  laser  shots,  one  can  determine  the  pressure  history  in  the  target 
plane.  At  this  point,  no  estimate  of  the  perturbing  effect  of  the 
8 lot  on  the  measurement  is  available. 
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Figurt  90-  SCHEMATIC  DIAGRAM  OF  PRESSURE  MEASUREMENT  EXPERIMENT  IN  THE  TARGETPLANE. 


An  example  of  pressure  histories  taken  at  r  ■  .51  and  r  ■  .89 
cm  is  given  in  figure  91.  The  acoustic  delay  :  7ysec  is  constant 
for  each  laser  shot  and  caused  by  the  acoustic  delay  time  from  the 
tip  of  transducer  glass  rod  to  the  He-Ne  laser  beam.  One  can  clearly 
determine  the  additional  time  delay  caused  by  the  finite  shock  speed 
across  the  target  plane.  This  additional  time  delay  is  plotted 
versus  position  in  figure  92.  One  determines  that  the  radial  position 
R  of  the  front  of  shock  wave  is  very  closely  approximated  by  the 
empirical  relation 


R  = 


.26  (fyS 


16 


65 


cm 


(19) 


where  L  is  the  laser  delivered  energy  (Joules)  and  t  is  the  time 
from  ignition  of  the  LSD  wave. 

The  corresponding  Mach  number  of  the  radial  6hock  wave  is 


M  =•  5 


-6  .35 


(IL-)  • 16 

K17J 


(20) 


As  noted  from  f  gure  91,  the  peak  pressure  in  the  radial  shock 
wave  Is  also  reduced  in  magnitude  as  the  wave  reaches  larger  distances 
from  the  laser  beam  This  dependence  of  maximum  pressure 

in  the  radial  wave  is  shown  in  figure  93.  In  this  case,  one  finds 


maximum  pressure 


,..16  -J  .27 
J.  r 


(21) 


where  r  is  the  distance  to  the  center  of  the  laser  spot. 
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Figure  <il  PRESSURE  RESPONSE  OF  TRANSDUCER  AT  TWO  RADIAL  POSITIONS 
(r  ■ .  51  and  /  « . 55/  /A'  77/£  «  A  NE  OF  TA  ROE  T.  TO  OB  TA  IN  PRESSURE 
IN  A  TMOSPHERES  MUL  TlPL )'  THE  OR  DIN  A  TE  BY  6.6. 
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92:  RADIUS  VERSUS  TIME  PLOTS  FOR  ENERGIES  OF  17  AND  8.5  JOULES 
SHOWING  THE  EXPANSION  OF  THE  RAD! A  L  SHOCK  WAVE  AT  THE 
TARGET  SURFACE. 
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'ZaK PRESSURE  VERSUS  DISTANCE  OF  THE  RADIAL  SHOCK  rn  VE  FOR  ENERGIES 
OF  17  AND  8.5  JOULES.  MULTIPLY  THE  ORDINATE  IN  MILLIVOLTS  BY  6.6 
TO  OBTAIN  PRESSURE  IN  A  TMOSPHERES. 


The  data  given  in  figures  92  and  93  and  in  equations  19,  20, 
and  21  are  for  an  aluminum  alloy  target. 

The  calibration  of  this  pressure  transducer  was  performed  by 

comparing  the  pressure-time  history  of  the  transducer  with  the  previously 

measured  impulse.  In  particular,  a  .64-cm  diameter  Lucite  target 

was  attached  to  the  glass  rod  transducer  end.  The  10. 6u  high  power 

laser  was  then  focused  on  this  target  as  shown  in  figure  89.  The 

transducer  response  of  this  target  for  a  CC^  energy  of  17  joules, 

reached  a  peak  of  30  millivolts  at  a  time  15psec  after  firing  the 

laser.  The.  pressure  decayed  nearly  linearly  in  time  to  essentially 

zero  at  a  time  of  44usec  after  start  of  the  laser  pulse.  Since 

Lucite  relies  only  slightly  on  the  air  shock  wave  to  produce  impulse, 

one  can  assume  that  the  pressure  is  distributed  only  over  the  laser 

2 

spot  of  area  S  =  .045  cm  .  From  figure  87,  the  measured  impulse  in 
this  situation  is  approximately 


I  =  (17) (8)  =  (136)  dyne-sec 


(22) 


Since  we  know  the  pressure  versus  time,  one  finds  the  maximum 
at  the  laser  spot  to  be 


P  = 

o 


(23) 


where  t ^  «  44psec  is  the  maximum  time  the  pressure  existed.  tvaluating 
equation  23,  one  finds 


_  (2) (126) 
o  '  (.045)  (44) 


137  atmospheres 


(74) 
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The  pressure  given  by  equation  23  is  delivered  over  the  beam  area  of 
2 

.045  cm  ,  however,  the  transducer  area  is  smaller  which  means  the 
acoustic  pressure  in  the  rod  is  larger  by  the  ratio  of  areas  uhir.!i 
is  1.44.  This  means  that  the  calibration  of  transducer  voltage 
(U  millivolts  )  versus  rod  pressure  is  given  by 


U  *  (6.6)  U  atmospheres  (25) 


Thus,  one  needs  to  multiply  the  scale  of  figure  93  in  millivolts  by 
6.6  to  obtain  shock  pressure  in  atmospheres. 

Another  sequence  of  data  was  taken  with  the  acousto-optic 
transducer  mounted  so  that  the  radial  shock  wave  hits  head  on  toward 
the  gauge.  A  schematic  diagram  of  this  setup  is  shown  in  figure  94. 
Data  were  taken  for  various  values  of  axial  and  radial  positions 
and  an  example  of  these  pressure-time  histories  is  shown  In  figure  95. 
One  notes,  by  comparison  with  figure  91,  that  the  transducer  response 
hen  a  much  faster  rise  time.  The  data  of  figure  95  were  taken  at 
an  axial  position  of  Z  «  .15  cm  in  front  of  the  aluminum  target  and 
with  17  Joules  of  CO,,  laser  energy  delivered  to  the  target  and  LSD 
waves  were  ignited  in  all  cases. 

The  faster  riue  time  shewn  In  figure  95  is  due,  in  part,  to 
the  finite  diameter  of  the  glass  rod  lb  :  2  i.un)  •  On*  estimates  from 
equation  19  that  the  radial  shock  wave  at  a  position  r  ■  .51  cm 
takes  approximately  1.7nsec  ro  completely  engulf  the  2  mm  glass  rod 
tip.  This  delay  time  does  not  completely  account  for  the  slow  rise 
time  as  shown  in  figure  91,  however.  This  difference,  perhaps,  is 
caused  by  the  dynamic  effect  of  reflected  pressure  waves  in  the  case 
shown  in  figure  94, 

A  sequence  of  data  taken  with  an  aluminum  target  at  several 
axial  positions  is  given  in  figure  96.  One  notes  a  somewhat  faster 
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fall-off  of  peak  pressure  with  radial  distance  in  thiB  geometry 
than  with  the  transducer  in  the  target  plane.  It  is  evident  that 
the  axial  decrease  in  peak  pressure  is  much  less  than  that  in  the 
radial  direction.  This  seems  reasonable  when  one  considers  that 
the  LSD  wave  ifself  travels  in  the  Z  direction  and  as  a  consequence, 
should  "drag  along"  its  peak  pressure.  This  is  made  somewhat  more 
visible  in  figure  97  which  shows  a  three-dimensional  plot  of 
the  pressure  variation  given  in  figure  96. 

Finally,  a  similar  scan,  shown  in  figure  98,  of  pressure  versuB 
radial  position  was  taken  with  Lucite  as  the  target.  In  this  case, 
the  CO,,  laser  energy  delivered  to  the  target  was  8.5  joules  and  the 
axial  position  was  again  Z  =  .15  cm.  One  notes  by  comparison  with 
the  data  of  figure  96  (aluminum  target  with  17  joules  and  ignition 
of  LSIj  waves)  that  the  peak  air  pressures  associated  with  the  Lucite 
target  (where  no  LSD  waves  were  ignited)  are  greater  than  those  air 
pressures  generated  in  the  presence  of  LSD  waves. 


THREE  DIMENSIONAL  EXPERIMENTAL  PL  OT  Of  PEAK  PRESSURE  AS  A  FUNCTION  OF  Z  AND  r. 
UJL  TIPL  Y  THE  ORDINA  TE  IN  MILLIVOL  TS  BY  6.6  IN  ORDER  TO  OBTAIN  PRESSURE  IN 
ATMOSPHERES 


96:  PEAK  PRESSURE  AS  A  FUNCTION  OF  RADIUS  TOR  AN  AXIAL  POSITION  OF  Z  • .  15  cm, 
THE  TARGET  WAS  LUCITE  AND  THE  LASER  ENERGY  WAS  8.5  JOULES.  TO  OBTAIN 
THE  PRESSURE  IN  A  TMOSPHERES  MUL  TIPL  Y  BY  6.8. 


SECTION  VII 

A  THEORETICAL  INVESTIGATION  OF  LASER-SUPPORTED  COMBUSTION  WAVES 


7.1  BACKGROUND  AND  INTRODUCTION 

The  existence  of  high-frequency  and  high-pressure  electrodeless 
discharge  is  a  well  known  phenomenon.  These  discharges  include 
induction  discharges  where  a  high-frequency  current  is  used  to  create 
a  gas  breakdown  inside  a  solenoid'1  .  In  these  cases,  the  frequency 
of  the  electromagnetic  field  is  of  the  order  of  1  to  100  megacycles, 

RF  powers  of  the  order  of  several  kilowatts  are  used,  and  the  gas 
temperature  reaches  approximately  10,000°K.  At  microwave  frequencies 
(3000  megacycles),  self-shielding  plasmas  are  generated  in  which 
the  absorption  front  travels  toward  the  power  source'"  .  This 
phenomenon  is  well  known  in  the  operation  of  hiph  power  wave  guides. 

ft  is  natural  to  expect,  at  the  very  high  powers  at  which 
lasers  can  operate,  that  similar  discharges  can  be  produced. 

Expet i ally  with  the  development  of  extremely  high-power  CC>2  lasers 
these  optical  discharges  have  become  observable.  It  is  natural, 
however,  to  expect  that  power  densities  needed  to  create  and  maintain 
such  optical  discharges  will  increase  as  the  frequency  increases.  This 
occurs  oecause  of  the  very  rapid  variation  of  absorption  coefficient 
with  wavelength.  Kaizer^^  made  calculations  on  the  power  require- 
needed  to  maintain  stationary  optical  discharges  (plasmotrons) 
and  showed  that,  at  small  beam  diameters,  the  requirements  are 
independent  of  radial  dimensions.  This  occurs  because  thermal 
conduction  losses  balance  laser  input  lasei  energy.  For  stationary 
optical  discharges  in  air,  power  requirements  are  several  kilowatts. 

These  stationary  discharges  can  be  regarded  as  occurri..;  at 
the  threshold  intensity  for  maintenance  of  these  classes  of  waves. 

As  the  laser  intensity  is  raised,  these  waves  propagate  up  the  laser 
beam  by  a  thermal  conduction  mechanism  (or  by  some  other  mechanism 
involving  radiative  transfer).  Such  wave  propagation  has  been  studied 
theoretically  ooth  for  high-presaure  microwave  discharge!®^  and 
for  laser-supported  combustion  waves  In  addition,  various 
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aspects  of  laser  energy  transfer  to  plasmas  leading  to  various 
related  heating  waves  have  also  been  studied ,  Additional 
theoretical  studies  have  been  performed  which  predict  the  propagation 
and  threshold  maintenance  conditions  of  laser-supported 
combustion  (LSC)  waves  in  the  presence  of  transverse  waves^®’^^' 

The  experimental  observation  of  laser-supported  combustion 

(3) 

waves  (LSC  waves)  was  first  observed  by  Bunkin  ,  who  obtained 

propagating  optical  discharges  with  a  neodymium  laser  beam  in  air. 

The  first  stationary  optical  plasmatron  was  obtained  by  Generalov^^\ 

who  used  as  low  as  40  watts  of  CO2  laser  power  focused  to  focal 

diameters  of  approximately  .1  mm.  Argon  and  xenon  gases  at  high 

pressures  (2-40  atmospheres)  were  used  in  order  to  reduce  thermal 

conduction  losses  and  increase  laser  absorption  and  hence  reduce 

ignition  thresholds.  A  similar  experiment  examining  some  aspects  of 

tlie  maintenance  conditions  of  stationary  combustion  waves  was 

performed  by  Franzen^ ' ^ .  Striking  high-speed  motion  pictures  of 

(72) 

propaga Ling  LSC  waves  were  made  by  Conrad  using  cw  laser 

5  2  (73) 

intensities  of  10  watts/cra  and  by  Stegman,  et  al  using 

a  CC>2  laser  pulse  of  approximately  4  milliseconds  duration.  These 

chorographs  clearly  show  fast  moving  absorption  fronts  traveling 

up  the  laser  beam.  In  this  case,  the  laser  intensity  was  approximately 

106  watts/cru  and  LSC  wave  velocities  as  high  as  10^  cm/sec  were 

found  • 


The  objective  of  this  report  is  to  perform  analytical  calculations 
which  can  be  used  to  predict  the  behavior  of  laser-supported  combustion 
waves  obtalied  in  experiment.  Of  particular  interest  is  the  dependence 
of  LSC  wave  Intensity  thresholds  on  the  geometrical  parameters  of  the 
beam.  In  addition,  propagation  velocities  ns  a  function  of  laser 
Intensity  ore  Important  as  well  as  determining  the  actual  energy 
nbsurpt l  on  In  the  wave  zone. 

The  above  objectives  and  goals  are  approached  by  making  several 
analytical  approximations  to  both  the  thermodynamic  properties  of 
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air  and  to  the  exact  energy  equation.  Theae  approximations  allow 
analytical  calculations  of  this  boundary  value  eigenvalue  problem 
which  lead  to  LSC  wave  velocity,  temperature,  and  energy  absorption 
from  the  laser  beam. 

In  Section  7.2,  the  various  approximations  are  discussed  and 
results  obtained  for  radiation  lossless  onc-dimenslonal  LSC  waves. 

By  adding  a  phenomenological  radiation  emission  and  rcabsorption 
effect  as  done  In  Section  7.3,  one  notes  a  possible  l.SC  wave  velocity 
increase  due  to  this  increased  effective  radiation  convection. 

/£C\ 

Following  the  analytical  approximation  of  Raizer  ,  the  combustion 
wave  velocity  as  effected  by  radial  losses  Is  considered  in  Section 
7.4.  Here  we  are  able  to  determine  thresholds  and  the  power 
transmitted  through  the  LSC  wave. 

Section  7.3  considers  the  one-dimensional  LSC  wave  with  optically 
thin  radiation  losses.  It  is  shown  that  these  losses,  restricted  to 
the  expected  magnitudes,  affect  only  the  small  velocity  low  intensity 
combustion  waves. 

The  important  effects  of  external  boundaries  is  considered  in 
Section  7 . b  where  we  determine  that  the  LSC  wave  velocities  observed 
near  boundaries  should  be  much  greater  than  those  found  In  free 
space . 


Section  7.7  determines  tin-  shape  of  the  front  of  large  diameter 
LSC  waves  as  dependent  on  the  radial  intensity  variation  of  the  lasur 
beam. 

7.2  uNL-blMLNSlULAI.  LS(.  WAV  I  S  NLU.IU  1  NO  HA.U1  A'l  luN  LOS  SIS 

We  consider  here  the  steady  ntate  propagation  of  subsonic  laser- 
supported  combustion  waves.  Iliesu  waves  :an  pi  p.igntu  along  high 
intensity  laser  beams  by  the  thermal  conduction  mechanism  as  discussed 
by  Kaisar^^  and  w«  utilize  many  features  of  this  treatment'  .Since 
the  flow  velocities  V  are  subsonic,  one  can  neglect  turins  piuport ional 
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to  V  in  the  energy  equation.  The  resulting  coupled  set  of  one- 
dimensional  fluid  mechanical  equations  becomes 


P  •  constant 

p  v  *  constant 
o 

y  (p  Vh  -  X  41  +  q)  -  0 
dx  o  dx 


(27) 


In  equation  27,  one  defines 


-3  3 

Pq  -  mass  density  of  the  ambient  gas  (1.29  x  10  gm/cm 
under  standard  conditions  for  air) 

V  •  LSC  wave  vel oc l ty  (cm/s  c)  ■  constant 
h  -  enthalpy  (Joules/gn) 

X  ■  thermal  conductivity  (watts/cm  °K) 
q  *  laser  intensity  (watts/cm2) 

T  •  gas  temperature  (WK) 

x  -  coordinate  direction  from  the  cold  to  hot  gas  (opposite 
to  wave  propagation  direction)  (cm) 

P  ■  ambient  pressure  ■  constant 


In  addition  to  the  above  fluid  aquations,  it  is  necessary  to  define 
t ho  laser  beam  coupling  to  tha  gas,  Tills  la  defined  by 


dx 


-kq 


(20) 


where  k  le  the  temperature  dependent  absorption  coefficient  iti  air. 
This  coefficient  is  shown  in  figure  99  where  its  dependence  on 
temperature  is  shown  for  a  constant  pressure  ol  one  atmosphere. 

The  absorption  coefficient  k  shown  in  figmi  99  and  the  following 
curves  of  enthalopy  and  thermal  conductivity  are  based  on  results 
obtained  from  a  computer  program  designed  to  calculate  hij'.h- 
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COEFFICIENT  (CM’1! 


(74) 

temperature  properties  of  air  .  Figure  99  also  shows  the  variation 
of  the  absorption  coefficient  as  a  function  of  the  variable  $  where 


4>  - 


dT  watts/cm 


(29) 


as  defined  by  Rai'zer^^  is  sometimes  a  more  useful  variable.  It 
is  interesting  to  note  from  figure  99  that  the  minimum  absorption 
length  for  10. 6p  radiation  in  atmospheric  pressure  air  is  approxi¬ 
mately  1.4  cm. 

The  above  coupled  set  of  differential  equations  has  a  real 
solution  only  for  certain  velocities  of  the  LSC  wave  with  respect 
to  the  velocity  of  the  cold  gas.  These  eigenvalues  are  determined 
only  by  solving  the  differential  equations  subject  to  boundary 
conditions  on  both  the  hot  and  cold  sides  of  the  LSC  wave  and  by 
specifying  the  incident  laser  intensity  qQ  coming  from  the  direction 
of  the  cold  gas. 

In  general,  completely  analytical  solution  of  these  eauationB 
is  impossible  because  of  the  temperature  variation  of  the  thermo¬ 
dynamic  properties  of  the  hot  air.  This  rapid  variation  of  the 
laser  absorption  coefficient  k  was  indicated  in  figure  9 j,  however, 
both  the  enthalpy  h,  and  the  thermal  conductivity  X  also  are 
complicated  functions  of  temperature  as  indicated  in  figures  100 
and  101. 

Dy  making  suitable  analytical  approximations  to  the  actual 
temperature  variations  shown  in  figures  99,  100  and  101,  one  can 
arrive  at  a  tractable  set  of  coupled  differential  equation.  First 
of  all,  from  figure  99,  note  the  extremely  rapid  variation  of  the 
absorption  coefficient  k  with  temperature.  The  magnitude  of  k 
increases  several  orders  of  magnitude  in  just  several  thousand  degrees 
temperature  rise.  For  this  reason,  Lt  is  felt  that  a  valid  first 
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ENTHALPY  (JOULES/GM) 


THERMAL  CONDUCTIVITY  (WATTS/CM  °K) 


Approximation  to  the  absorption  coefficient  is  given  by  a  simple 
step  function  given  by 


k  «  0  for  T<T 


k  *  k  cm  for  T>i 
o  o 


(30) 


In  equation  3U,  T  can  be  considered  an  Ignition  temperature 
o  ^ 

wi» !<-•»  is  approximately  1.2  x  10 'k.  The  peak,  absorption  coefficient 

is  determined  from  figure  99  to  be  k  ~.7  cm  .  As  seen  from 
<>  o 

figures  1 00  and  1.01,  both  the  enthalpy  h  and  the  thermal  conductivity 
arc  complicated  functions  of  temperature,  but  these  shall  be 
approximated  by  the  simplest  reasonable  functions  which  will  allow 
analytic  solutions.  From  the  basic  data  obtained  from  reference 
72  shewn  In  figures  100  and  101  for  air,  one  seta 


h  « 


joules /gra 


and 


A  *  bT  watts /cm  K 


(31) 


’..'ith  the  approximat  ions  of  equations  30  and  31,  one  obtains  a 
linear,  coupled  set  of  ordinary  differential  equations  which  can  be 
analytically  solved.  It  Is  most  useful  to  define  dimensionless 
variable*  and  constraints  in  the  basic  energy  equation  (equation  27) 
and  in  tim  laser  equation  (equation  28)  in  ordot  ;o  make  the  problem 
solution  universal.  Tills  is  done  by  defining  a  dimensionless  L5C 
wove  velocity  with  respect  to  the  cold  gas. 


a 


t 


2a_poV 

~  bk7 


(32) 
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This  relationship  to  the  cold  gas  velocity  is  important  to  recognize 
since,  in  experiments,  the  gas  ahead  of  the  LSC  wave  can  be  set 
in  motion  and  affect  considerably  the  apparent  velocity.  This 
cold  gas  motion  can  result  either  from  winds  or  from  the  initial 
ignition  process  in  whic.i  gas  motion  is  perturbed.  As  seen  later 
from  Section  7.6,  the  presence  of  boundaries  can  also  lead  to  a 
significant  apparent  LSC  wave  velocity  increase. 

Ttic*  dimensionless  laser  intensity  6  is  the  remaining  independent 
parameter  defined  by 


2q 

0  - - §~~  (33) 

bT  k 
o  o 

where  q^  is  the  incident  laser  flux.  The  magnitude  of  e  indicates 
the  importance  of  the  laser  absorption  relative  to  power  transfer 
by  thermal  conduction,  while  6  is  the  ratio  of  enthalpy  power  flow 
to  thermal  conduction  power  flow  over  a  laser  absorption  length. 

- .  i tii  these  definitions  and  also  defining  the  dimensionless  distance 
z  (distance  measured  in  absorption  lengths 

z  =  k  x  (34) 

0 

one  obtains 

,2V  \ 

for  z<0  (35) 


R  ILL  u  1 
8  dz  '  2 

dz 


dz 


1 

1 
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and 


e 


dY 

dz 


d2V 

dz2 


0  q  =  0 


-4£  = 

dz 


-q 


for  z  < 0 


(36) 


In  equations  35  and  3  o ,  the  dimensionless  enthalpy  V  is  defined 


by 


v  =  T y.r  2  (37) 

and  the  variable  laser  intensity  q  is 

q  =  q/q0  (38) 

From  the  form  of  equations  35  and  3b,  it  is  evident  that  the  origin 
of  the  coordinate  system  =  0)  travels  with  the  I.SC  wave  and  is 
located  where  tin;  local  temperature  I  is  equal  to  the  ignition 
temperature  T  .  From,  --»<z<0,  the  temperature  of  the  cold  gas 
(air)  is  brought  up  to  the  ignition  temperature  (Y=l)  by  the 
process  of  t hemal  conduction.  For  O-'z*1*',  laser  energy  is  absorbed 
and  the  maximum  temperature  attained. 


The 

boundary 


solutions  of  equations  35 
conditions  at  z  =  v*-  are 


and 


36, 


subject  to  the  appropriate 


and 


Y  -  t_ xp  {  fc  z  ]  fur  z<0 


v  .  ,  6(1  -  exp  1 -z ) ) 

'r  =  i  + - \~+p - fw  0 


(39) 
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Since  the  slope  of  these  two  expressions  is  continuous  at  z  =  0, 
one  obtains  Che  eigenvalue  equation 

6  =  0(1  +  0)  (AO) 

For  large  laser  intensities (9>>1) ,  one  obtains 


in  which 


h  =  h  {T  }  =  a  T2 

0  0  o 


A 

O 


(V 


=  b  T 

o 


(Al) 


(A2) 


The  square-root  dependence  of  LSC  wave  velocity  was  noted  by  Raizer^ 
who  used  the  approximations  of  constant  specific  heat  and  thermal 
i  onductivity  and  who  obtained  an  LSC  wave  velocity  greater  by  V  2 
than  that  given  in  equation  Al.  For  relatively  small  laser 
intensities,  however,  (Q<1),  one  finds  the  LSC  wave  velocity  to 
be  proportional  to  incident  intensity 


PoV 


h 

o 


(A3) 


It  is  interesting  to  note  from  equation  39  that  the  maximum 
temperature  T(«>)  occurs  at  z  =  00  and  is 


00 


1  +  0 


(AA) 
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Thu  temperature  indicated  by  equation  44  appears,  in  many  cases, 
to  predict  excessive  temperatures  in  LSC  waves.  It  should  be 
recalled,  however,  that  the  results  of  this  section  are  valid  foe 
lossless  one-dimensional  waves. 

I'he  results  obtained  above  are  derived  for  the  simplest 
possible  approximation  to  the  actual  absorption  coefficient  given 
in  figure  99.  This  approximation,  given  by  equation  30,  is  a 
simple  step  function  and  It  is  reasonable  to  ask  how  model- 
dependent  the  results  obtained  are.  One  way  of  answering  this 
question  is  to  choose  a  more  complex  analytical  model  to  the  absorption 
curve  of  figure  99.  Such  a  model  is  presented  in  figure  102-1. 

ibis  is  a  two-step  absorption  process  for  which 

k  -  0  for  T<T  ' 

o 

k  -  k  for  T  < 
o  o 

k  -  k  for  T>T 
o  o 

Kquai ion  45  Is  an  attempt  to  model  the  Initial  rise  of  the  absorption 
coefficient  to  its  maximum  value  of  kQ.  The  method  of  finding 
.solutions  of  the  combined  energy  equation  and  laser  equation  is 
very  similar  to  that  used  previously.  In  this  case,  however,  the 
origin  of  the  coordinate  system,  z  ■  0,  is  defined  to  occur  when 

9 

the  temperature  equals  .  The  coordinate  Zj,  on  the  other  hand, 
la  defined  as  occurring  when  the  temperature  equals  Tq  (def; -i*J  as 
the  Ignition  temperature  previously  used). 

After  algebraic  manipulations  and  solving  simple  differential 
equations,  one  obtains  the  eigenvalue  equation  relating  the 
dimensionless  LSC  velocity  8  and  the  dimensionless  laser  intensity  8. 
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( ^ 

j  n  i,)  lr' 

j C1  +  a)  -  Jjj  (1-r)  (e-e)  =  a  (e+r^-re  (46) 


In  equation  46, 
k 

o 


o 


ar.d 


r\  > 

o 


2 


! 

i 


(47) 


It  should  be  noted  that  in  the  limit  r  =  1 ^  =  1,  one  obtains  the 
previous  result  given  by  equation  40  for  a  simple  one-step 
approximation  to  the-  absorption  coefticient.  The  distance  z 
(distance  measured  in  laser  absorption  lengths)  between  the  positions 
of  temperature  '1  ^  and  is  found  to  lie 


r 


(6+1) 


(M)] 


(48) 


Equation  46  can  be  solved  by  a  numerical  iteration  and  the 

I 

solutions  are  shown  in  figure  102  for  r  -  0.5  and  T  /T  equal  to 

o  o  , 

0.5,  0.6,  0.7,  0.8,  0.9  and  1.0.  (It  should  be  noted  that  /Tq 
equal  1.0  is  equivalent  to  the  previous  one-step  absorption  result.) 
The  results  given  in  figure  102  for  a  two-step  model  showing  the 
increase  of  the  absorption  coefficient  leads  to  only  a  slightly 
increased  LSC  wave  velocity  as  compared  to  t lie  one-step  model.  In 
both  models,  however,  the  iiaximum  temperature  reached  is  defined 
by 


T  =  T 
max  o 


(49) 
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The  actual  absorption  coefficient  shown  in  figure  99  decreases 
with  temperature  for  temperatures  greater  than  approximately  16,000°K. 
This  decrease  in  the  magnitude  of  k  is  due  to  the  plasma  becoming 
nearly  fully  ionized.  A  similar  twcr step  process  in  modeling  this 
decrease  in  absorption  coefficient  with  temperature  is  shown  in 
figure  102-2  where  one  defines 

k  =  0  for  T <T 

o 

■  t 

k  =  k  for  T  <T<T 
o  o  o 

i  i  t  i 

k  =  k  for  T>T 
o  o 


Sin,  lar  algebraic  manipulations  and  equation  solutions  lead 
to  eigenvalues  relating  LSC  wave  velocity  and  laser  intensity  for 
the  step  decrease  in  absorption  coefficient. 


I 


(r  +  8) 


1 


(1-r) 


(0-8Y1)  =  6  -  B  (8+1) 


(51) 


In  equation  51, 


and 


V  I 


(T 

o 


i 

) 


(52) 


Equation  51  is  solved  (as  before)  by  a  numerical  iteration  and  the 
solutions  are  again  presented  in  figure  102  for  r  =  .5  and  values 

»  r 

of  ro  /T0  equal  to  °°*  1-4»  1*2,  and  1.0  It  is  evident  that  this 
decrease  in  the  absorption  coefficient  at  high  temperatures  leads 
to  a  slightly  decreased  LSC  wave  velocity  when  compared  to  the 
results  found  for  the  single  step  model.  The  distance  between 

I  t 

temperatures  T  and  T  is  found  to  be 
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The  actual  absorption  coefficient  shown  in  figure  99  decreases 
with  temperature  for  temperatures  greater  than  approximately  16,000°K. 
This  decrease  in  the  magnitude  of  k  is  due  to  the  plasma  becoming 
nearly  fully  ionized.  A  similar  two-step  process  in  modeling  this 
decrease  in  absorption  coefficient  with  temperature  is  shown  in 
figure  102-2  where  one  defines 


k  =  0  for  T <T 

o 

1  f 

k  =  k  for  T  <T<T 
o  oo 

ii  it 

k=k  tor  T>T 
o  o 


Sin.  lar  algebraic  manipulations  and  equation  solutions  lead 
to  eigenvalues  relating  LSC  wave  velocity  and  laser  intensity  for 
the  step  decrease  in  absorption  coefficient. 


1  Ml 

ft  e  h 


d-r)  ( e-sYj )  =  0  -  e  (e+i) 


(51) 


In  equation  51, 

) 

j  (52) 

) 


Equation  51  is  solved  (as  before)  by  a  numerical  iteration  and  the 

solutions  are  again  presented  in  figure  102  for  r  =  .5  and  values 
»  ♦ 

of  T  /T  equal  to  <*>,  1.4,  1.2,  and  1.0  It  is  evident  that  this 
o  o 

decrease  in  the  absorption  coefficient  at  high  temperatures  leads 
to  a  slightly  decreased  LSC  wave  velocity  when  compared  to  the 
results  found  for  the  single  step  model.  The  distance  between 

I  t 

temperatures  T  and  T  is  found  to  be 
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/  y 

*i  “  [  <r  +  «  (?  -  rv] 


(S3) 


while  equation  49  is  again  valid  as  the  maximum  temperature  reached. 

me  results  shown  in  figure  102  lead  us  to  believe  that  the 
.jiie-  sicp  model  for  variation  of  the  absorption  coefficient  with 

I  f  V 

temperature  (equation  30)  is  fairly  good  since  both  T  and  Tq 
cannot  he  greatlv  different  from  Tq. 

V.j  U I  MENS  IONAI.  LSC  WAVES  WITH  EMISSION  AND  REABSORPTION  OF 

RADIATION 

llils  section  discusses  a  phenomenological  approach  to  considering 
the  effect  of  radiation  emission  on  the  propagation  of  LSC  waves. 

:.i  v.ue  limit  to  this  problem,  the  radiation  transport  of  energy  can 
be  considered  to  be  a  diffusive  process  and  one  then  obtains  the 
previous  results  except  that  the  correct  radJation-conductivity 
should  1. 1  used.  On  the  other  hand,  if  the  transport  process 
t  -r  i.igii  energy  photons  emitted  from  the  hot  LSC  wave  Is  not  propor¬ 
tional  to  the  temperature  gradients,  one  obtains  a  different  result, 
in  gem.ru  ,  the  absorption  coefficient,  a,  of  ultraviolet  radiation 
is  both  temperature  and  gas  density  dependent.  We  shall  assume  In 
the  following,  however,  that  a  is  a  constant,  representing  an  average 
absorption  coefficient. 

in  addition,  we  assume  that  a  certain  given  fraction  f  (0<f<l) 
of  cue  incident  laser  radiation  is  re-emltted  back  into  the  cold 
gas  where  it  is  absorbed.  This  radiant  energy,  in  this  example.  Is 
considered  to  be  absorbed  with  an  exponential  decay  in  the  cold  gas 
a ud  rep ri  tuts  short  wavelength  ultraviolet  radiation  whose  only 
effect  is  to  aid  in  the  heating  of  the  cold  gas.  In  gonerel,  one 
expects  f  to  be  dependent  on  the  final  maximum  temperature  of  the 
! „C  wave  and  Is  a  parameter  to  be  determined  from  the  results  of 
this  sect  ion.  We  assume  a  general  dependence  of 
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m 


(54) 


f-(^)  (r) 

where  a  is  radiant  intensity  emitted  by  the  plasma  at  a  temperature 
and  m  is  a  coefficient  defining  how  rapidly  the  ultraviolet 
radiation  depends  on  temperature.  (The  parameter  m  is  not 
explLcitely  evaluated  in  this  report,) 

Under  the  above  assumptions,  the  energy  equation  (for  z<0) 
becomes 


d_ 

dx 


(Povh  - 


.  dT 
dx 


a  f 


ax 

q  e 

o 


which  in  dimensionless  form  is 


afO  eJZ 


(55) 


(56) 


where  v  =  a /k  is  the  dimonsionaless  ultraviolet  absorption  length. 
The  solution  of  equation  56  with  Y  =  1  at  z  =  0  is 


v  =  (1  -  exp  (6z)  +  ex"  ( I"1'1  (57) 

For  z>0,  the  normalized  energy  equation  is  again  equation  30  with 
q*  replaced  by  (1-f)  q  and  which  has  the  solution  with  Y  =  1  at 
z  =  0 


exp  (-z) 
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Y .  i  +  Lizns.  _  ikm 

8  +  1  8+1 


(58) 


liquating  the  slopes  of  equations  57  and  58  at  -  0  gives  the 
eigenvalue  equation 


E(B  +  1) 
1  + 


(59) 


which  is  displayed  in  figure  103  for  certain  values  of  f.  In  parti¬ 
cular-,  the  case  i  -  0  is  identical  to  the  re-suits  of  Section  7..!. 
it  should  lie  noted  that  this  rad  i  at  ion  •  a  i  ded  heat  addition  to  the 
cold  gas  can  appreciably  increase  the  propagation  velocity  of 
tire  I, SC  wave.  Inis  is  evident  for  large  velocities  which  are 
now  found  to  he  proportional  to  laser  intensity  (when  if  is  a  true 
constant).  It  is  ;  in  •.  res  t  i  ng  to  note  that  this  mechanism  for  one- 
dimensional  waves  does  not  depend  on  the  magnitude  of  the  abrorotion 
coefficient  '•»  •  I’.n  max  i  mum  temperature  behind  the  coi.uhiri  i  on  front 
is  also  found  to  be  considerably  reduced  when  compared  to  the 
r  ad  i  a  1 1  on  lc  s  s  ca.ie  tor  large  wave  velocities.  .iris  max  ±  mum 
temperature  is 


1  o  (  1  +  f  3  / 


which  approaches  T  /  \j~ f  for  large  velocities. 


(60) 


For  larger  laser  intensities  (which  implies  large  values  of 
the  dimensionless  LSC  wave  velocity),  one  finds  the  explicit 
dependence  of  LSC  wave  velocity  on  the  laser  intensity.  From 
equations  54,  59  and  60,  one  obtains 


and 


r 


(1/ 1+m) 


(61) 
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NORMALIZED  VELOCITY  J  OF  A  LSC  WAVE  AS  A  FUNCTION  OF  TOE  NORMALIZED  LASER  ~  - - 

INTENSITY  <-)  WITH  THE  FRACTION  f  JF  THE  LOST  RAD  ATION  REABSORBED  AS  A  PARAMETER. 


(62) 


r  2 

bT  k 
o  o 

Equation  61  indicates  that  only  for  a  very  rapid  dependence  of  the 
ultraviolet  emission  on  temperature  (m  large)  is  the  LSC  wave 
velocity  nearly  proportional  to  laser  intensity. 

7.4  QUASI  ONE-DIMENSIONAL  LSC  WAVES  WITH  RADIAL  HEAT  CONDUCTION 
NEGLECTING  RADIATION  LOSSES 

Ihe  effect  of  radial  heat  conduction  losses  can  oe  annroximately 
considered  by  appropriately  modifying  the  one-dimensional  energy 
equation  as  done  by  Raizer^.  The  dimensionless  energy  equation 
which  is  valid  for  z*0  then  becomes 


e7>  +  ~irr  Y  =  0 

k  R 
o 


(63) 


where  the  radial  thermal  conduction  effect  is  approximated  by  the 
last  term  on  the  left  hand  side  of  equation  63.  In  equation  63, 

R  is  the  laser  beam  radius  and  A  is  a  numerical  factor  (0<A<2). 

(As  discussed  by  Raizer^^  ,  we  will  use  A  =  1.45.). 

The  general  physical  behavior  of  the  temperature  is  shown  in 
figure  104.  From  -®<z<0,  the  temperature  of  the  cold  gas  (air) 
is  brought  up  to  the  Ignition  temperature  (Y  *  1)  by  the  process 
of  thermal  c  induction.  For  0<z<z^  laser  energy  is  absorbed  and 
the  maximum  temperature  is  reached.  For  z>z^,  no  further  laser 
energy  is  absorbed  and  the  temperature  continually  decreases  due 
to  radial  heat  conduction.  Thus,  one  notes  that  z  *  0  and  z  *  , 

define  positions  where  the  temperature  falls  below  the  ignition 
temperature. 
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For  2<0  and  T<T  ,  tlie  solution  with  Y  =  1  and  2  =  0  is 
0 


Y  =  exp  Ik  z  I 

I  1  I 


in  which 


I 

'1  =  2  (1  +  °  +  2A  (  Ra~p~J~V  |  )  *  | 


(64) 


Tt  is  again  necessary  to  match  solutions  on  both  the  cold  and  hot 
sides  of  the  LSC  wave  boundaries  occurring  at  z  -  0  and  z  -  z^.  \'e 
include,  in  this  analysis,  the  finite  rate  of  laser  absorption  by 

including  equation  36  for  U<z</  .  This  was  not  done  by  Raizer  in 

,  ...  ,  (65) 

lus  original  analysis 


For  0 '-z.'z.  and  T>T  ,  the  solution  of  equation  63  with  Y  =  1 

dY  ° 

and  —  -  k,  at  z  =>  0  is 
dz  1 


V 


0 _ 

-THl+kj) 


I 

I 


k 


1 


7. 


I 


I 


yexp  (8-k  p  z  | 

(T+6-k . )~( 2k 7-8 ) 

1  1 


I  I 

6exp  (  -z  ) _ 

(i+kj )  (1  +6  kj) 


(65) 


Outside  the  "hot"  region  for  z>z.  and  T<T  , 

1  o 


one  obtains 


and 


Y  =  eXp 


|  (B  -  k  | )  (z  -  Zj)| 


q  =  exp 


constant 


(66) 


By  equating  slopes  of  equations  65  and  66  at  Z  ■  z^,  one  finds 
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where 


(67) 


=  -la  (1-y) 


1  +  k . 


(l+k1) (2k1-6) 


It  Is  evident  from  equation  67  that  real  solutions  exist  only 
in  the  range  (0<y<l) .which  implies  that  required  laser  intensities 
for  a  given  LSC  wave  velocity  are  always  greater  as  the  beam 
radius  decreases. 

One  obtains  the  eigenvalue  equation  from  equations  65  and  66 

to  be 


__1 _ 

1  +  k, 

X 


=  in 


dy  _  _ ' 

(l-yfd  -1  _ 

itn  (1  -  y) 


(68) 


where 

d  =  (1  +  k  2 ) / ( 1  +  kL) 

and 


For  most  physically  interesting  situations,  the  values  of  y  found 
from  equation  68  will  be  very  close  to  unity.  For  this  reason, 
the  mo8t  useful  technique  for  generating  velocity-intensity  curves 
i 8  by  arbitrarily  selecting  values  of  y  and  d  and  then  using 
equation  68  to  evaluate  k^.  One  is  aided  in  this  approach  by 
noting  that  I k 2 I < k ^  which  leads  to 


I 


(69) 


-1<J  ] 


(70) 
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We  can  thus  generate  a  table  of  values  of  k^  and  as  a  function  of  y 
To  determine  the  physical  parameters  of  the  LSC  '  ave ,  we  then  utilize 
the  definitions  of  and  k^  to  determine  the  corresponding  velocity 
and  radius.  Similarly,  the  definition  of  y  given  by  equation 
67  determines  the  laser  intensity.  This  procedure  has  been  followed 
here  yielding  r i . «_■  results  shown  in  figure  105  and  106  for  lht  values 

a  =  4 . 85  x  10  "*  joule/gm  (°K)“ 
b  3  2  x  10  °  watt /c.rr.  (°k)^ 

I  -  1 . 3  x  1 0A  °K  and  1 . 2  x  104  °K 

o 

k  =  0.5 /cm  and  0.7-*/ cm 
o 

A  -  1.45 


‘Me  should  n o t e“  that  for  cacli  laser  radius  thaL  an  intensity 
threshold  exists  for  zero  wave  velocity  which,  for  small  radii, 
is  nearly  a  constant  power  condition.  One  should  also  note  that 
each  curve  (for  constant  radius)  ass>mptot ically  approaches  the 
infinite  radius  case  as  laser  intensity  rises,  Lven  though  figures 
i‘>5  and  i»)0  are  drawn  on  different  scales,  one  can  see  that  they 
*ri  *.n:;  slightly  differ*  nt ,  indicating  that  the  e/.act  numerical 
parameter:,  used  ioi  i(j  and  k  are  not  highly  sensitive,  'lhere  is 
■  eijy  a  si :  giit  ciiai.gi  in  the  intensity  thresholds  and  LSC  wave 
velocity.  Recalling  that  the  ana  1\  sis  perroimed  heie  allowed 
finite  laser  absorption  as  indicated  !>y  equatiui  46  nr.*! ,  since  the 
resulting  plasma  is  of  finite  length,  owe  determines  tie  amount 
at  laser  power  q.^  getting  through  the  plasma  of  tne  LSC  wave. 

!hls  is  done  by  use  of  equation  67  and  noting  hat  the  tram  mitred 
power  q.  is 


hr 


-  e'Zl 


(1 
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=  INCIDENT  INTENSITY  <watts/cn/) 

SMALL  DIAMETER  LSCWAVEASA  FUNCTION  OF  THE 
qn  WITH  THE  RADIUS  RASA  PARAMETER. 
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The  results  of  this  calculation  obtained  by  evaluating 
equation  68  is  shown  in  figure  107.  Here  we  plot  transmitted  power 
versus  incident  intensity  q^.  For  incident  intensities  less  than 
threshold  values  one  finds  q,r  =  qQ.  At  the  threshold,  there  is  an 
abrupt  drop  in  transmitted  power  which  Llien  continually  decreases 
as  q^  increases  further.  It  is  interesting  to  note  that  the 
threshold  intensity  (as  Y -0)  is  approximately  determined  by 


which  is  the  same  as  Raizer's^^;  equation  16  and  is  equivalent  to 
a  total  power  requirement  re  maintain  a  stationary  combustion  wave 
The  results  of  tigure  107  are  somewhat  similar  to  those  found 
by  Sziklas  using  different  approximations  for  high  temperature 
air  properties. 


7.5  ONE -DIMENSIONAL  LSC  i.'AVFS  .TIH  PAD  J  AT  I  ON  LDRSES 

This  section  determines  the  approximate  effect  of  radiation 
losses  on  the  propagation  of  ISC  waves.  No  radial  heat  losses  are 
taken  Into  account  nere  and  the  radiation  power  loss  is  assumed 
to  be  completely  lust  to  the  I. SC  wave .  This  is  equivalent  to  an 
optically  thin  process  with  volume  radiation  of  a  magnitude  given 
in  the  data  of  .loir  ^  .  In  the  spirit  of  the  Raizer  ttiodel^^, 
one  notes  tiiat  optical  radiation  losses  at  one  atmosphere  pressure 
are  nearly  independent  of  temperature  for  '01.2  x  10^K.  (Raizer^^ 
actually  assumes  that  these  losses  are  proportional  to  temperature.) 
In  this  section  we  assuir...  that  the  power  losses  are 


optical  losses  (watts/cm  )  =  Rad.  for  T>T 


=  0  for  '.'I 


These  power  looses  are  expected  to  hi  approx imatelv 


8000  watts/cm 


3 
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TRANSMITTED  INTENSITY 


For  z<0,  in  the  cold  gas,  one  obtains  the  same  equations  and 
solutions  as  previously  found,  however,  for  z>0  one  finds 


where 


ft  d?Y 

6  dz  ,2 
dz 


2  Rad 


-  6q  +  R  =  0 


2  2 
b  T  ^  k 
o  o 


Because  of  the  radiation  losses,  the  temperature  will  always  have 
a  maximum  for  z>0  and  then  decrease  to  Y  =  1  at  z  ■  z  .  For  z>z^, 


neither  laser  absorption  nor  radiation  losses  occur.  This  determines 
the  boundary  condition  at  z  =  z^  to  be 


Y  =  1  and  •—-=() 
dz 


For  0''z<z^,  the  solution  of  equation  75  is 


*-h'82-  (!) 


where  and  are  constants  to  be  determined  from  the  boundary 
conditions  at  both  z  =  0  and  z  =  Zy  At  z  =  0,  one  obtains 


1  =  B1  +  B2  -  bTT 


K  -  ,  +  .  0  _ 

1  g2  B  (B  +  1) 
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For  z<0,  in  the  cold  gas,  one  obtains  the  same  equations  and 
solutions  as  previously  found,  however,  for  z>0  one  finds 


where 


R  dY  _  d2! 

6  dz  ,2 

dz 


2  Rad 


-  0q  +  R  =  0 


2  2 
b  T  L  k 
o  o 


Because  of  the  radiation  losses,  the  temperature  will  always  have 
a  maximum  for  z>0  and  then  decrease  to  Y  =*  1  at  z  ■  z^.  For  z>z^, 
neither  laser  absorption  nor  radiation  losses  occur.  This  determines 
the  boundary  condition  at  z  =  to  be 


Y  -  1  and  ■—  =  0 
dz 


For  C-'z<z^1  the  solution  of  equation  75  is 


Y  =  B 


*  \  z  +  B  -  _ 

0  2  0+1 


where  and  are  constants  to  be  determined  from  the  boundary 
conditions  at  both  z  =  0  and  z  =  z^.  At  z  =  0,  one  obtains 


1  *  B1  +  B2  "  0— 


H  .  ,  +  R_  _  _  .0 ..  „ 
1  a2  B  (B  +  1) 

P 
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which  can  be  manipulated  tn  yield 


i  he-  si  mill  tant-.' of  equations  78  and  80  determines  11^,  B.., 
z  j  ,  and  tin.-  relationship  net  ween  0  and  is  .  ft. SC  wave  velocity 
vt  m.  us  laser  in  tens  i  t  \  .  j  :•  r>-u  equation  60  one  finds 


(81) 


Substitution  of  equations  /8,  79,  and  81  into  equation  80  yields 
the  required  e  i>;cn-si-.liit  i  on  ot  this  radiation  problem. 


L.  -  ....  H  e/1)  +  e~Z1  trtil)  -  1  ] _ (g2) 

i2  |f,+  l;  (e^'-  l)  U  c.-CZl)  <•  zL  0(l-e"Zl(6+1))l 


An  arbitrary  clmiii-  ->i  and  8  in  equation  82  defines  a  radiation 
loss  tem  and  ti.e  siiCsequent  u.-»e  of  equatiuii  81  determines  the 
laser  intensity  (t'.irougii  tlie  d  i  mens  ion  less  parameter  0). 

Figuio  10i>  sl  ows  or,(j  i «.  sij  |  t  oi  thi.->  calcul.ition  as  a  curve  of 
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l.SC  wave  velocity  as  a  function  of  laser  intensity  for  fixed  values 

of  radiation  loss.  There  is  again  a  threshold  intensity  below  which 

no  I. SC  waves  can  propagate.  (The  resemblance  to  the  case  of 

radial  heat  conduction  losses  should  be  noted.-)  From  John^^  , 

3 

Kati  tyOOh  watcs/cm  so  that  no  LSC  waves  should  ever  propagate 

4  2 

bel(>-  a  laser  intensity  of  :10  vatts/cm  .  Figure  109  shows  the 
fraction  of  the  laser  power  absorbed  ir.  the  finite  length  l.FC 
luiv-1  as  a  function  of  che  "radiation  effectiveness"  R/g,.  For 
a  fixed  velocity  of  propagation  (g  =  constant;,  the  fraction  ot 
laser  energy  transmitted  through  the  LSC  wave  is  found  to  increase 
as  the  radiation  losses  increase.  This  occurs  because  the  high 
temperature  region  of  the  LSC  wave  becomes  shorter  and  shorter 
un.ut  r  conditions  of  high  radiation  loss.  In  addition,  the  laser 
intensify  required  to  drive  the  LSC  wave  increases  as  the  radiation 
1  c.ss  increases.  This  effect  is  seen  in  figure  110,  where  the 
ro tu  q  /q.  is  plotted  as  a  function  of  the  radiation  loss  R,  and 
wiic-tv  q^  is  the  laser  intensity  required  in  the  absence  of  radiation 
los-.es.  The  peak  temperature  reached  in  the  LSC  wave  is  also 
Iuui.j  u-  decrease  in  a  radiating  LSC  wave  as  shown  in  figure  111. 

!,  i  -  0  ti.o  radiation  Less),  the  maximum  temperature  is  given 
b  ejiidtioi  9m  ,md  in  figure  111  re  plot  the  ratio  of  maximum 
L  « :..ri  ;  a  l 1 1 ;  e  ill  the  i.F(.  WfiVt.  Cl  “  i  )  divided  b”  1  .  it 

is  sa-n  that  finite  radi.  tier,  loss  always  decreases  the  temperature 
r : , i-  i  .ivi  .  Actual  variations  of  temperature  in  representative 
Lb'  v.a'.es  versus  distance  are  given  in  figuia  1 1 .:  and  113.  ihe.se 
radial!  on  ,.urves  are  shown  for  the  approximate  ther:  v-.,_  aw.io 
pt'o-a  r  t.  i  es  *  o  r  a  i  r 


*“  A  .  U  ^ 

a  =  4.83  x  10  joule/pm  (  K) 
h  -  2  x  10  ^  watt/cm  (°K)^ 
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OFTHE  LASER  INTENSITY  WITH  RADIATION  LOSS  q0  TO  THE  LASER  INTENSITY 
UTRADIA  TICN  LOSS  q  •  45 4  FUNCTION  n>=  THE  DIMENSION L  ESS  RAD! A  TION 
?  WITH  THE  NORMALIZED  VEL  OCITY  J  Uh  A  LSC  WA  VE  45  A  PARAMETER. 
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Fnjiite  113  .  DIMENSIONLESS  SQUARE  OF  THE  TEMPERATURE  Y  THROUGH  ALSO  WAV  t  AS  A 
FUNCTION  OF  THE  DIMENSION  L  ESS  DIS/A  NCF  Z  WITH  THE  HAD  I A  TION  L  OSS 
HAD  ASA  PARAMETER  AND  FOR  V  --  80  cm  ^ 
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Figure  112,  i,>r  V 


H  ero/sec,  shows  t «  strong  clamping  of  the 

tempera tu tv  to  values  neat  Ignition  temperature  T  .  For  example, 

0  3 

eurve  3  cor  re ‘spending  t<>  a  radiation  loss  ol  7020  watts/cm  , 

Indicates  that  the  maximum  temperature  In  the  I  .SC  wave  is  approximately 
„‘0,000‘,l.  and  the  i.ol  plaj.ua  tore  to  have  a  length  of  approximately 
I  «rr.  t»n  the  other  haul,  far  V  -  HO  cm/sec  (as  shown  In  figure  113) 
one  t  i nil s  that  radiation,  loss  effects,  for  "realistic"  conditions 
a i  »•  small.  Thus,  unless  these  losses  are  larger  than  expected 
the',  can  he  ignored  when  p  -100  or  greater. 


nol’NItAltV  Kl.Si  ItAlNTS  ON  I.SG  l.’AVKS 


This  section  discusses  one  consequence  of  igniting  LSC  waves 
near  a  sol  id  boundary,  tor  one -dimensional  T.SC  waves  with  the 


laser  beam  incident  perpendicular  to  the  wall,  one  requires  as  a 
boundary  condition  that  the  fluid  velocity  be  zero  at  the  wall. 

In  order  to  meet  tills  requirement,  additional  pressure  waves  or 
shuck  waves  must  be  emitted  Into  the  cold  gas  ahead  of  the  1,NC 
wavefront.  In  tins  way,  the  cold  gas  is  set  Into  motion  in  the 
direction  of  the  I.SC  wave,  causing  the  observed  propagation  velocity 
to  be  increased.  An  illusciation  of  the  situation  is  figure  114 
which  allows  schematically  the  fluid  properties  of  density,  velocity, 
temperature,  and  laser  intensity  as  a  function  of  distance,  because 
of  the  solid  boundary,  one  can  assume  that  the  fluid  velocity 
vanishes.  In  lahoratorv  coordinates,  behind  the  combustion  wave, 
ill  is  requires  that  a  shock  wave  be  generated  that  travels  ahead 
of  the  "slow  combustion  wave  in  order  to  satisfy  all  boundary 
conditions  Ui  the  I  .lid  wave  velocity  Is  sufficiently  large).  Tbe 
regions  of  space  slwn  in  figure  114  are  divided  into  three  parts. 

In  region  0,  the  gas  Is  unperturbed  and  of  omblent  temperature, 
pressure,  and  density.  The  shock  wave,  of  velocity  D,  separates 
regions  0  and  I.  I  lie  gas  in  region  1  is  compressed  and  heated 
dependent  <>n  the  shock  Mach  number.  The  combust  Ion  zone,  shown 
as  the  cross  latched  area,  separates  regions  1  and  2,  The  analysis 
presented  here  l»  expected  to  he  valid  within  a  few  laser  beam 
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diameters  of  the  target.  For  larger  distances  from  the  target, 
radial  spreading  of  the  flow  can  be  expected  to  reduce  the  flow 
velocities  (and  lienee  the  observed  LSC  wave  velocities  would 
decrease) . 


V.'e  assume  that  the  gas  In  region  1,  bvhind  the  shock  wave, 
remains  an  ideal  gas  which  implies  that  the  shock  mach  number  is 
not  too  large.  Under  this  restraint,  one  obtains1 


^1  =  (y+1)  M2 _ 

Po  (2+  (y-1)  M2) 


where 


P1 

y 


M 


c 

o 


ambient  gas  density 
compressed  gas  density 
ratio  of  specific  heats 
shock  tnach  number  =  D/c 
ambient  sound  velocity 


in  region  1 


(84) 


(85) 


The  pressure  behind  the  shock  front 


P 

1 


is  given  by 


P 


o 


_ 2  _ 

(y  +  1) 


(86) 


v.-herc  P  is  the  ambient  pressure, 
o 


The  shocked  temperature  is 


_  12  yH2  -  (y-1) )  {  (y-1)  M2  +  2) 

V  “  2  2 

*o°  (Y  +  1)  M 


(87) 
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where  '1  is  ambient  temperature.  In  the  shock  coordinate  system, 
the  gas  velocity  is  given  by 


(88) 


where  Uf  is  the  mass  density  in  region  2.  'hie  notes  that  • j and 
risking  the  gas  in  region  1  the  most  dense. 

if  one  assumes  that  the  ambient  molecular  gas  is  completely 
dissociated  in  region  2  and  partially  ionized,  one  obtains 


192) 
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whei  e 


g  =  2  (1  +  x  ) 

K 

for  a  molecular  gas  and 
r,  -  l  f  x 


) 

i 


(93) 


for  a  monatomic  gas  where  the  fractional  ionization  is  given  by  x 


The  one-dimensional  combustion  wave  heat  equation  is 


woe  re 


t  C:  -  y  )  -  +  0  (q  -  D  =  o 

s  i  dz 


e  - 


VL  -  D  (1 

bkl 


V 

A') 


(94) 


and 


‘1 


1  =  ko  (Pl/Po)' 


In  equation  94,  k  is  the  laser  absorption  coefficient  in  the 

(65) 

compressed  and  shocked  gas  where  typically  one  expects  a  '  2^ 

The  previously  used  laser  attenuation  equation  is  again  used  as 
defined  by  equation  36. 


For  z<0 


V  +  (1  -  Y j )  exp  (6  z)} 

1 


1 

I 


(93) 
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For  z^O,  the  solution  of  94  is 


Y 


s 


6  + 


1 


Since  Y  =  1  at  7.  -  0,  one  obtains  the  condition 


(96) 


8  (6+1) 
s  s 


(97) 


which  along  witi,  ti.e  boundary  condition  at  z  -  leads  to  the  final 
temperature  T  .  as  deii-rtiined  by 


T 


T" 

o 


» ,  »  ( :  -  Y  )  (i  <  a  ) 
1  1  £» 


(98) 


By  combining  equation*.  90,  vi  ,  92,  (»4  and  98,  a  cubic  equation  in 

B  is  obtained 
s 


3  g  ^  1  2 

ii  f  — r  *■  -  A 

s  g'O-Vji  s 


2A 1.  6 

8?(1  Y1)  s  g2(l-Y1) 


in  which 


K 


2  a !  >  ( i- 


4ac  p  M(M2-] )  (y+1  )  ■* 

o  o_  _  _ _ _ _ _  _  __ 

bk  (  '+(v-l)H2)(2YM2-(v-l))dl 

U 
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For  a  given  Mach  number,  t  lie  aoove  cubic  equation  can  be  solved 
for  8  explicitly  b>  nmiw-r ical  iteration  and  then  equation  97 
can  be  solved  tur  9. 
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For  a  given  Mac!*  nuuiOer ,  ine  aoove  cubic  equation  can  be  solved 

for  0  explicitly  by  numerical  iteration  and  then  equation  97 
s 

can  be  solved  t**r  u . 
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The  solutions  of  equation  99  are  shown  in  figure  115  for  the 

velocity  of  the  LSC  waves  in  the  laboratory  reference  frame  . 

and  in  figure  116  for  the  velocity  V  of  the  LSC  waves  in  the  ’ 

reference  frame  in  which  the  shocked  but  relatively  cool  gas  ahead 

of  the  absorption  zone  is  stationary.  V  is  equivalent  to  the  velovity 

calculated  in  the  previous  sections  while  V  is  more  than  two 

orders  of  magnitude  larger.  The  parameters  used  in  figures  115 

and  116  are  those  previously  indicated  by  equation  83  except 

curves  are  shown  for  three  different  values  of  the  absorption 

coefficient,  k  ,  in  order  to  indicate  the  sensitivity  of  the 
o 

results  to  exact  numerical  values.  In  addition,  the  further 
gas  properties  needed  are 

T  -  300°K 
co 

Y  =  1.4 

3 

p  “1.2  gm/cm 

o 

4 

c  =  3.47  x  10  ctn/sec 

o 

g  *  4 

The  value  of  g  =  4  assumes  the  gas  is  nearly  fully  ionized. 

It  is  evident  from  the  results  shown  in  figure  115  that  the 
observed  LSC  wave  velocity  in  the  presence  of  solid  target  boundaries 
is  not  highly  sensitive  to  either  the  value  of  kQ  or  to  the 
magnitude  of  its  pressure  dependent  exponent  a.  (Increasing 
magnitudes  of  kQ  and  a  always  increase  LSC  wave  velocities.) 

Experiments  in  which  LSC  waves  are  ignited  from  solid  targets 
do  have  initial  velocities  which  are  about  a  factor  of  2  lower 
than  the  results  given  in  figure  115^^.  The  asymptotes  in 
figures  115  and  116  are  obtained  by  solving  equation  99  in  the 
limit  of  weak  shocks. 
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to  ^  2 
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Laser  Intensity  watt/cm 

Figure  Ilf  VELOCITIES  OF  ONE-DIMENSIONAL  LSC  WAVES  V  WITH  RESPECT  TO  THE  SHOCKED  GAS  AHEAD  OF 
THE  WAVE  AS  A  FUNCTION  OF  THE  LASER  INTENSITY  qG  FOR  THREE  ABSORPTION  COEFFICIENTS  k, 


M  =  l  + 


where 


OOl) 


3v  subst  itv.r  ion  ot  i-e_u.il  i  in-  101  into  equation  99  and  performing 
various  manipulation.-,  one  obtains 


g'-.-e  ■  U  -*  ,  ) 

<2  t  > 


\/2  u 


ci  s/\  *  i 

!■  00  V 


(102) 


O  i>  oo 


which  loads  to  ,  i  = .  <.  i  ; .  ii-l  ,i  :  i,;*  LSC  v-v.ve  velocity  and  laser 
f  1  ux 


B  «'  *  9 

O  O 


\/ 2  ,  a  I  Vl+v/^sO+l 

.)  no  v 


(103; 


For  large  laser  intensities  (9-"]),  one  finds 


kb:.)  & 


1/4  3/4 


(104) 


while  tor  smaller  intensities  \  u«'l  ;  ,  chfe  result 


B  9 


Cl  1 

e)»*  t> 


V  -  v  O  ; 


is  f  ounci . 
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The  numerical  relationship  between  the  shock  Mach  number, 

LSC  wave  velocity,  and  the  required  laser  intensity  is  determined 
to  be  (using  the  previously  indicated  gas  properties 


<5 


o 


watts /cm 


2 


V 


L 


579 


cm/sec 


(106) 


for  k  *  1,0  cri  .  The  general  dependence  of  LSC  wave  velocity 

o 

at  high  laser  intensities  (6<<1)  is  found  to  be 


VL  = 


,  ,  ,  1/4  3/4  . 

6.5  k  q  cm/sec 

o  o 


(107) 


which  is  indicated  on  figure  llo.  One  concludes  that  the  asymptotic 
relationship  (equation  107)  is  valid  over  a  wide  range  in  laser 
intensity  until  the  shock  Mach  number  becomes  appreciable.  This 
tendency  can  be  seen  in  figures  115  and  116  by  the  constant  Mach 
number  curves  drawn  for  M  =  1.01,  1.1,  1.5  and  3.0.  The  curve 
Uncled,  V.  =  1.8  q  ,  in  figure  1.15  corresponds  to  the  low  laser 

i .  G 

intensity  assymptote  (b<l;. 

7.7  SHAPE  OF  THE  FRONT  OF  AN  LSC  WAVE 

Jn  general,  one  doesn't  expect  that  LSC  waves  will  propagate 
with  their  surfaces  perpendicular  to  the  laser  beam.  Thi  occurs 
in  actual  experimental  situations  in  which  there  is  always  a 
radiai  distribution  of  laser  intensity  and  from  which  one  expects 
a  corresponding  variation  of  the  normal  LSC  propagation  velocity. 

Our  calculations  below  are  based  on  the  assumption  of  a  small 
laser  absorption  length  compared  to  the  beam  radius  for  which 
one  can  use  one-dimensional  calculations  to  compute  approximate 
two-dimensional  effects.  It  should  be  noted  that  most  present 
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experiments  do  not  necessarily  fulfill  this  analytical  requirement 
and  hence  the  obtained  results  may  not  be  directly  applicable ^  . 


An  l.SC  wave,  propagating  at  an  arbitrary  angle  to  the  laser 
beam  direction,  is  shown  in  figure  117  where  the  x^  coordinate 
ten.  <s  normal  to  wavefront,  l.liile  the  laser  beam  propagates 
in  the  x  direction,  die  continuity  and  energy  equations  are 
evaluated  across  the  LSC  wave  boundary  (in  the  direction). 
Moling  that 


;--j  *  SU1  ♦ 


(108) 


•;.«  i.;  tains  iron  equation  36 


Sin 


( 109 ) 


i;.e  :  _i  ,  i.ndicular  component  of  velocity  is  similarly 


V  s  f  n 


(HO) 


thus  observes  that  the  previously  determined  eigenvalue  equation 
is  n.aue  valid  for  L.SC  waves  propagating  at  an  arbitrary  angle  to 
the  laid  beam  merely  by  replacing  k  by  (k/sln  ip )  and  V  by  V  sin  $ . 


h  -  ft  (ft,  +  1) 

V  <f  V 


(111) 


2  q  sin 

„  IV 

b  T  k 

o  o 


2  a  {,  V  sin’ 
o 


INCIDEN  '  LASER-BEAM 


Figure  1 1 7.  SCHEMA  TIC  OF  AN  OBL IQUFL  Y  INCIDENT  LASER  BEAM  ON  A  LASER- 
SUPPORTED  COMBUSTION  WAVE. 


Figure  113  •  SCHEMATIC  OF  A  LSC  WAVEFRONT. 
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For  large 

laser 

intensities 

(8  >>1)  ,  one  obtains 
4 

0  V  - 
0 

1 

/  q  k  X  T 

X  /  0  0  0  0 

,  3/2 

sin  4 

V  2 

V  2  h 

0 

while  for 

stna  1 1 

lasei  1  nit n 

ities  (6  <<1) 

4 

<i 

P  V  - 

.  *j  .  . . 

0 

sin  4  h 

0 

(113) 


(1U) 


Equation  il!  alim-s  us  u  J  <_•  t  u  rmi  oe  the  shape  of  the  front 
of  large  diameter  i  ft.  wives  in  which  the  laser  intensity  is  a 
1  unction  of  j  adius  ami  lor  t  l.osc  cases  in  which  the  bean  ladius 
is  larger  chan  tue  an»o.  ption  length.  Fur  most  existing  lasei 
beams,  this  rcqui  recent  is  iiol  iue t  since  LEG  cave  have  been 
obtained  by  focusing  d<>'..’n  to  very  small  dimensions. 

A  portion  of  the  !  ,;h  wave  front  J  a  O.u.n  in  viguie  118. 

Tlie  radially  s  •  t  r  i ».  combustion  front  has  a  local  radius  r  which 
is  a  function  of  v,  the  axial  distance.  One  notes  that. 


d  r 
dx 


tan  4 


Sin  4 


Ola) 


li  one  euiis  i  .ie  1  ih.  large  intensity  combustion  wave  defined 
by  equa'K.  lli.  .me  i.oLes  that  at  all  radii  (••  is  th.e  axial  Intensity) 


-  q  -  constant 


I  a  4 


U16) 
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Substitution  of  equation  115  into  116  leads  to  the  differential 
equation  determining  the  shape  of  the  LSC  wavefront. 


(117) 


Equation  117  is  difficult  to  solve  for  a  Gaussian  laser  beam, 
however,  a  useful  approximation  to  such  an  intensity  profile  is 


1  + 


-3/2 


(118) 


where,  of  course,  the  radial  distance  r  is  restricted  to  values  r<ch. 
The  approximation  given  by  equation  118  is  compared  with  a  Gaussian 
beam  defined  by 


% 


exp 


(119) 


in  figure  119  where  no  discernable  difference  is  to  be  found.  (The 
parameter  c  *  2  82  was  chosen  for  a  best  fiL.) 


for  the  above  laser  intensity,  one  obtains  from  equation  i]7  the 
shape  of  the  front  of  the  combustion  wave. 


(120) 
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DIMENSIONLESS  RADIUS 


This  profile  is  plotted  in  figure  120  where  the  parabolic  front 
is  evident.  inte  that  the  above  determined  profile  is  valid 

only  in  the  part  of  the  lasar  beam  such  that  0  <<1 .  When  the 

<$> 

angle  $  becomes  too  small,  a  different  differential  equation 

determines  the  combustion  wave  profile.  For  6  <<1,  one  finds 

$ 


-  -  h  1  ll  (t 

q 

o 


(121) 


A  fujl  solution  ...t  this  problem  would  'connect1'  smoothly  to  the 

previous  solution  tor  c  >>1. 

$ 


ine  direction  o  ot  the  hot  gas  behind  the  combustion  wave  can 
bt:  determined  from  the  continuity  of  mass  and  from  the  tangential 
continuity  oi  flow  velocity.  From  figure  117,  one  obtains 


Tan  ip 


1 


Cot  <p 


(122) 


where  (u7/o  )  is  dependent  on  both  gemoetry  and  the  eigensolutions 

of  equation  111.  Assuming  constant  pressure,  nearly  full 

ionization,  an  initially  diatomic  gas  so  that  g  =  4  and  large 

laser  fluxes  (0  •■•'1),  one  obtains 
<* 


'Ian  'p 


bk 


32  a  P]  V 


COS  Ip 

sin  $ 


(123) 
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7 . 8  SUMMARY 

One-dimensional  calculations  on  an  analytical  model  show  that 
the  velocity  of  the  laser-supported  absorption  zone  (LSC  wave) 
is  proportional  to  the  3/4  power  of  the  laser  intensity  when 
boundaries  are  present.  Under  these  circumstances  the  temperature 
of  the  hot  gas  behind  the  absorption  zone  is  proportional  to  the 
1/4  power  of  the  laser  intensity. 

Both  heat  conduction  in  the  radial  direction  and  radiation 
loss  from  Bremsstrahlung  and  recombination  decrease  the  thickness 
of  the  absorption  zone,  decrease  the  maximum  temperature,  and 
decrease  the  velocity  of  propagation  of  the  absorption  zone  up  the 
laser  beam.  They  both  give  a  critical  laser  intensity  below 
which  the  combustion  wave  cannot  be  supported.  If  some  of  the 
lost  radiation  is  reabsorbed  immediately  ahead  of  the  absorption 
zone,  the  velocity  of  propagation  increases. 
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APPENDIX 


In  order  to  determine  laser-supported  detonation  wave  thresholds, 
it  is  necessary  to  have  an  adequate  knowledge  of  the  laser  power 
density  profiles  as  a  function  of  time.  This  appendix  describes 
those  measurements  made  on  the  output  of  the  Boeing  Marx  Bank 
Ease  r  ■ 

Measurements  have  been  made  on  both  the  incident  laser  beam 

as  it  leaves  the  laser  mirror  and  on  the  focused  beam.  T1 esc 

nn-a.->ni  ei.enis  included  energy  densiLy  profiles  and  power  density 

pruiiit.s  obtained  with  a  five-detector  array.  In  addition, 

the  total  beam  energy  and  puuer-time  history  have  been  obtained 

!  .  un.-  of  a  calibrated  beam  splitting  technique.  The  results  of 

1 1 •  e- .  ...vasurements  indicate  that  focal  diameters  of  3  mm  are 

i. lined  with  a  16-inch  focal  length  mirror.  A  28-cm  focal  length 

mirror  u  lens  has  a  focal  spot  diameter  of  2.4mm.  The  peak  laser 

i..i  c-nsi  ty  at  the  beam  center  has  corresponding  values  of  2.3  x 
/  7  2 

!u  .old  i.8  x  10  watts/cm  ,  respectively  at  a  time  of  3.ipsec 
..rtv;'  i  in;  Lug  i  lining  of  the  laser  pulse.  The  energy  density  profiles 
indicated  that  no  local  hot  spots  of  significant  size  exist  and 
peak  laser  intensity  is  near  the  beam  center,  from  the 
.  d  r  i  ,.u;i  i  a!  dimensions,  one  calculates  that  the  laser  has  a 
i*.  a.:  iivwger.ce  or  4.4  x  10  ^  radians  -  equivalent  to  28  times 

tj  1  t  1  l  JC  L  i  i-il  limited. 

i.b  r.  u\M  hiul"  ILK  MliASlikl.MENJT. 

.itv  beam  profile  measurements  are  require^  lor  correct 
<is sessi.ii.i if  ji  the  detonation  wave  characteristic:,,  pari  Marly 
lor  ,  min  i  t  Inns  near  threshold.  There  are  two  extreme  culm  ; ,  i  oils 
.Tie-  c  v.  it  is  possible  to  obtain  the  minimum  spoL  diameters  ;e,uircd 
:  or  1 1-..-  detoiut  icn  v:  e/e  experiments.  Tiu-sc  are  the  nea.  -  i  .  ■  id  and 
i 'a-  i  ar-field.  The  near-  field  profile  appears  at  the  c/ i  i  .  i-rture 
of  the  laser  and  at  any  image  of  the  laser  aperture.  The  p.iltora 
I  .-3  iiguitied  or  diminislied  by  tn.-  ratio  of  image  distance  to 
object  distance.  The  far-flold  paLt-rn  appears  near  the  local 
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In  order  Co  determine  laser-supported  detonation  wave  thresholds, 
it  is  necessary  to  have  an  adequate  knowledge  of  the  laser  power 
density  profiles  as  a  function  of  time.  This  appendix  describes 
those  measurements  made  on  the  output  of  the  Boeing  Marx  Bank 
Laser  . 

Measurements  have  been  made  on  both  the  incident  laser  beam 

as  it  leaves  the  laser  mirror  and  on  the  focused  beam,  '"Iiese 

iiii'usui  ea.ciit.s  included  energy  densiLy  profiles  and  power  density 

pro)  il<.  s  obtained  with  a  five-detector  array.  In  addition, 

the  total  beam  energy  and  power-time  history  have  been  obtained 

b  ••  n.-,o  of  a  calibrated  beam  splitting  technique.  The  results  oi 

Lne. i  ...v.asurements  indicate  that  focal  diameters  of  3  umi  are 

.•i.iiiu  i  with  a  16-inch  focal  length  mirror.  A  28-cm  focal  length 

Mirror  •  lens  has  a  focal  spot  diameter  of  2.4mm.  The  peak  laser 

i  tensity  at  the  beam  center  lias  corresponding  values  of  2.5  x 

;  7  ,2 

.old  i.b  x  1U  watts/'em  ,  respectively  at  a  Lime  of  3.1psec 
.itu.  i  :.e  beginning  of  the  laser  pulse.  The  energy  density  profiles 
indicated  taut  no  local  hot  spots  of  significant  size  exist  and 
:  ,!■  1  «i:  ;>e  tk  laser  intensity  is  near  the  beam  center,  from  the 

..ii  im i  .a  1  dimensions,  one  calculates  that  the  laser  has  a 
i.i  a.,  i :  v. Tgci.ee  or  •'» .4  :<  10  radians  -  equivalent  to  28  times 
d  i  1 1  iae  t  ic  ti  limited. 

i  .  j  lllA’I  I’KuP  ILE  MEASUREMENTS 

•  crate  beam  profile  measurements  are  requires  l  or  correct 
as»e:,»i.K.!i!.  i  the  detonation  wave  characteristic;;,  part  ■  ilarlv 
tar  .  i ;  1 1- 1  i  l  i  i  ms  near  threshold.  Ihere  are  two  extreme  conn  .  i  i  ons 
.-he  re  iL  is  possible  to  obtain  the  minimum  spot  diamt-Lers  ;e,u.rcd 
;.jr  us  detonation  wave  experiments.  Tin-sc  are  the  neat ---1  .  Id  and 
t  •  -  lar-iield.  ’the  near  field  profile  appears  at  the  e/.  i  i  i  riurt 
of  the  laser  and  at  any  image  of  the  laser  apenure.  The  pat  torn 
la  magnified  or  diminished  by  tn.-  ratio  of  image  distance  to 
..liii'ct  distance.  The  far-field  patl.-rn  appears  near  Lite  local 
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point  of  a  lens  or  mirror.  .The  dimensions  of  the  pattern  are 
proper t  ionul  to  the  eileo.tive  focal  ratio  (focal  distance  to  beam 
diameter)  of  the  focusing  system.  In  these  measurements,  the 
geometry  was  chosen  so  that  the  near-field  and  far-field  patterns 
were  'juice  large,  or  I  he  order  of  6  cm  diameter.  .The  data  can 
easily  be  eM  . .  i  jo  1 .  1 1  u  a  ( ..  other  spot  diameters  . 

figure  12i  is  .1  plan  view  oi  the  setup  used  for  measuring 
beam  profile  characteristics.  1  lie  ligure  shows  the  pulsed  laser 
and  turning  mirror  in  the  screen  room.  Hie  laser  beam  passed 
through  a  id. I  j>i  isu  beam  splitter,  then  was  focused  with  a  10- 
meter  tae.i  I  leigi  :  mirror.  Ihe  five-clement  gold-doped  germanium 
detector  .u  cav  w.i->  -cured  at  the  position  of  minimum  spot  diameter. 
Ibis  position  was  also  the  location  of  the  far-field  pattern  of 
tin:  laser  beam.  it  should  be  noted  that  the  far-field  pattern 
was  approximately  i  meters  inside  the  focal  point  of  the  10-meter 
norror,  due  to  a  slight  convergence  in  the  main  beam  as  it  exited 
i  1  util  the  lasel  tllbe. 

ihe  Kb  l  beam  spi  i  1 1  c-  r  prism  is  wedged  at  0  =  13°.  The  prism 

was  oriented  to  cause  minimum  deviation  in  the  incident  beam.  In 

tiiis  position,  tiie  first  and  second  surface  ■'ef  lections  made  approxi- 

o 

mutely  eg ua i  angles  of  magnitude  n  0  -  IP  with  the  incident  beam, 
as  shown  in  figure  132  (n  is  the  Kill  index  of  refraction). 

Ihe  t  iist  surface  reflection  was  focused  at  the  entrance 
U|asrture  oi  a  I  Ko  thermopile  ca  lot  rnieier  which  was  used  to  monitor 
the  pulse  energy.  lbe  calorimeter  outjjut  was  amplified  with  a 
Keitliley  Mode!  I  boy  'He  revolt  ammeter  and  then  recorded  on  a  chart 
recorder.  :  i,c  ..croud  surface  reflection  was  focused  on  a  1-cir. 
thick,  d ;  f  f  use  i  cell  rilled  with  table  salt.  'Ihe  diffused  radiation 
was  sensed  with  a  fast  gwld-dojied  germanium  JeLector  coupled  to  an 
use  i  1  J  osci  >pe  wi  i  i  c  a  monitored  the  jiuise  shape. 
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turning 

mirror 


Hgure  12 1 ;  BE  A'/  PROFIL  E  MEASUREMENT  SETUP 


MAIN  BEAM 
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Figure  1 22:  KCI  PRISM  BEAMSPLITTER  GEOMETRY 


Ihe  germanium  detector  array  consisted  of  five  detectors 
optically  coupled  to  a  copper  plate  with  five  1/4-inch  01)  copper 
tubes,  Hie  array  of  entrance  apertures  is  shown  in  figure  123. 

liie  following  measurements  were  made  with  the  array 

1.  The  array  was  masked  with  copper  tape,  then  cacii  nole  was 
individually  uncovered  and  the  laser  was  pulsed.  All 
channels  were  monitored  to  check  for  cross-talk,  while 
the  optimum  level  of  the  uncovered  channel  was  set  on  the 
osc i 1 loscope  amplifier. 

2.  Mcasut oments  were  made  at  both  the  near-field  and  far- 
lield  positions  (as  shown  in  figure  121)  with  the  3-fcleiue.il 
array  centered  in  the  beam. 

J.  Hie  center  detector  only  was  used  to  obtain  a  horizontal 
scan  across  the  far-field  pattern.  In  this  test,  the 
detector  assembly  was  moved  0.2-ineius  between  laser  shots. 

4.  A  mask,  e A  the  array  aperture  was  ai  igned  in  trout  of  the 
array  atiU  the  germanium  detectoi  assembly  removed.  A 
carbon  bloc'-,  thermopile  was  then  used  to  sequentially 
mea.viri-  the  energy  passing  through  each  hole. 


_.U  l.kUbY  DM.SMTY  Of  M.tluLNT  LA  SLR  B 1  AM 

li.e  energy  density  ptjfile  oi  t'ue  incident  laser  learn  was 
measured  as  a  function  of  radius  as  shown  sei.em.il  ical)  y  in  figure  124. 
The  .  ir  ia’is )  e.  aperture  allowed  a  circular  he.iV  to  he  .  Mealed  at 
the  i  a  I ui 1 :  inter ,  in  this  experiment,  we  relied  on  lasu  repeatability 
t a  obtain  data  n  »>  did  not  have  a  suitable  Beam  monitor  i  place. 

'.at  ui  data  shown  h-e  low  validate  ti  is  technique.  figure  12 r 
,->i. ows  the  results  ui  plotting  energy  reaching  Lhe  calorimeter  as 
a  lunciicu  of  juerture  ,;r.  i.  If  a  Uaussian  prof  i  le  oi  eiieig 
deiisiLy  is  assumed 


i 
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Figure  124;  SCHEMA  TIC  DIAGRAM  OF  ENERGY  DENSITY  MEASUREMENT 


ENERGY 


Figure  125:  INCIDENT  LASER  ENERGY  AS  A  FUNCTION  OF  AREA 
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□  X 


and  experiment  and  theory  are  fitted  at  an  aperture  area  of  10  cn/, 
one  obtains  the  data  also  indicated  in  figure  124  and  the  value 
6  =  3.7  cm,  which  is  close  to  the  actual  "burn"  radius  of  carbon 
paper  placed  in  the  laser  beam  path.  These  measurements  indicate 
that  the  beam  is  relatively  well  behaved  on  the  "average". 

3 . U  ENERGY  DENSITY  PROFILE  OF  FOCUSED  BEAM 

The  energy  density  measurements  of  the  focused  laser  were 
performed  in  several  ways.  The  methods  described  here  indicate 
a  reasonable  agreement  with  each  other. 

The  first  method  employed  is  shown  in  figure  j26u.  A  'iV.G 
the i mo  pi le  was  masked  with  a  .06-inch  aperlure  and  moved  horizontally 
.itijiis  llie  diameter  of  the  focal  plane  of  a  78-inch  focal  length 
mirror.  Measurements  were  obtained  every  .036  inch,  yielding 
the  results  shown  in  figure  127.  The  points  where  the  energy  had 
dropped  to  1/2  the  maximum  value  indicated  a  beam  diameter  of  1.31 
cm.  Using  this  beam  diameter  and  the  focal  length  of  the  mirror, 
we  found  a  beam  divergence  of  3.2  milllradians. 

1 L»*  second  set  of  measurements  were  made  in  the  focal  plane 
■A  ■.  J u  meter  focal  Length  mirror  in  the  experimental  setup  shown 
in  I  igurt  1. 2 ob .  These  measurements  were  made  by  masking  the  focal 
plane  witii  circular  apertures  and  then  focusing  the  transmitted 
laser  beam  into  a  TRG  thermopile  with  a  16-inch  focal  length  mirror, 
me  energy  delivered  through  the  various  apertures  ij  plotted  as 
a  1  unci. ion  of  the  diameter  of  the  aperture.  'J  he  result,  are 
compared  to  the  energy  content  of  a  Gaussian  1  vser  beam  _  _i.fi  le 
in  figure  128.  The  best  fit  for  the  Gaussian  gives  a  bear::  diameter 
uf  4.42  cm  corresponding  to  a  beam  divergence  of  3.2  mi  1 1 i . ad i .ms. 

i he  third  set  of  measurements  of  laser  energy  were  obtained 
by  sweeping  a  small  aperture  across  the  focaL  plane  of  the  lU-mli.r 
fuca]  length  mirror  as  shown  in  figure  126c.  The  aperture  was  , 
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APERTURE 


LASER 


figure  126.  EXPERIMENTAL  SETUP  FOR  MEASURING  LASER  ENERGY  DISTRIBUTION 
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relative  transmitted  laser  energy 
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Figure  128-'  LASER  ENERGY  MONITORED  THROUGH  A  VARIABLE  CIRCULAR  APERTURE 
A  T  THE  FOCAL  PLANE  OF  10-f.lETER  FOCAL  LENG TH  MIRROR 
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1 /4-inch  circular  hole  drilled  through  an  aluminum  plate  which  was 
attached  to  a  carbon  block  thermopile.  The  thermopile  was  mourted 
or.  a  X-Y  translation  stage  so  that  the  aperture  could  be  moved 
across  the  focal  plane.  A  TRC  thermopile  was  used  to  monitor  the 
total  energy  in  the  laser  beam  as  reflected  by  a  sail  wedge  with 
a  i .  o -percent  reflection  coefficient.  A  series  of  1UU  mease*  eiuents 
were-  made  wttli  1/4-inch  i.-tervals  throughout  an  area  of  2-1/4  x 
2-1/4  inches  square.  It  was  found  during  this  series  of  measurements 
mat  Lite  average  energy  in  the  laser  beam  was  17.5  joules  with 
o 5  percent  of  the  shots  having  laser  energies  between  17  and  18 
joules.  A  three-dimensional  plot  of  these  measurements  is  shown 
in  figure  1 29.  The  beam  diameter  as  measured  at  the  points  where 
ii.~  ui'.eigy  density  lias  dropped  to  1/2  is  approxiiiiato  ly  5.5  cm 
. '.ii  espo..ding  to  a  beam  divergence  of  4.0  mi  1 1  irad  inns  . 

i he  three  values  for  beam  divergence  agree  reasonably  well, 
lit.  two-J  intension, tl  scan  probably  gives  the  most  realistic  value 
as  i(  Odes  not  depend  critically  on  how  well  the  beam  is  centered 
in  the  energy  monitor.  I'he  laser  beam  appears  to  decrease  more 
rj|.  idly  t ’.an  a  pure  Gaussian  profile  which  also  makes  Lite  third 
!..e u  i-.:.  eitt  more  re  liable. 


the  foe  nl  ■ : .  ur.ie  ler  of  tie  l.isei  bu.i ...  with  this  beam  divergence 
•.ti  t  et mined  Lv  a  16- inch  f'jia;  length  r.i  rns  is  estimated  to 
:ie  3  ;.u:i  wiiich  is  close  to  burn  impress  ions.  •  .  t. in  Incite. 


4.o  i  ;.'i i.,»s 1 1 Y  l'kotii.K  or  iiii:  pjcai.  ui.tiin:; 

i  lie  rive  element  detector  array  (iti  tVs,  ti-sLs  only  ;  ui 
dele-,  t  vts  were  working  because  of  the  failure  of  detector  .  i) 
was  -.i.-.-J  to  determine  the  temporal  and  spatial  Oehavior  ol  tin. 

>• -i  .  the  first  sequence  ,.>f  tests,  howiver,  utilized  t  siii-u.- 
•let  -.-.I  or  wiiich  was  positioned  at  various  stations  with  respect 
to  Lm  stationary  focal  spot.  li.e  total  laser  energy  ...is  t.iouiti  ■  -*i 
f.,i  o. n:ii  of  these  shots  and  data  normalized  to  account  for  ,nv 
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variation.  (Over  a  sequence  of  approximately  20  laser  shots, 
the  energy  had  a  maximum  variation  of  '10%. ) 


Figure  130  shows  the  intensity  variation 
10-meter  focal  length  mirror.  For  this  data, 
very  nearly  Id. 5  joules  and  one  cun  determine 
at  the  target.  A  relative  intensity  of  unity 
to 


in  the  focus  of  the 
the  Laser  energy  was 
the  actual  intensity 
is  found  to  correspond 


4.4  x  104  wat.ts/cm^ 


Since  tills  focus  uus  /  meters  l  rom  the  mirror,  one  calculates,  for 
a  lb- Inch  local  iongtn  mirror,  :  peak  intensity  of 


2.  i  s  .  dv  watt  s/on/ 


for  times  less  than  4psoc .  Figure  130  indicates  that  off-axis 
laser  modes,  in  this  Inset,  are  the  first  to  decay  in  time.  i'lie 
"focal"  area  decre.o.vs  later  in  the  pulse. 

Simultawcviuo  power  intensity  data  taken  with  the  detector 
array  are  shown  tu  figure  131.  This  data  shows  nearly  uniform 
behavior  of  the  beam  as  a  inaction  of  time,  indicating  that  no 
local  hot  spots  occur. 

Figure  132  shows  data  taken  by  moving  the  entire  array  J  inch 
to  the  right.  That  is  detector  lo .  4  was  now  in  the  same  place 
as  detector  ho.  2  was  in  the  data  of  figure  131.  Comparison  of 
these  data  shows  j .-.lency  and  in  addition  clearly  shows  fast 
decay  of  nie  o<  •  ■  energy  at  its  boundaries  as  mentioned  above. 

It  should  be  not id  that  the  total  beam  power  (labeled  beam  monitor) 
had  a  somewhat  smoother  time  history  than  did  the  intensity  at 
i  given  radial  position. 
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Data  has  also  been  taken  of  the  intensity  profile  of  the 
unfocused  beam  by  sweeping  a  single  detector  across  the  beam. 

Data  taken  at  a  single  instant  of  time  are  shown  in  figure  133, 
There  appears,  by  comparison  of  figures  130  and  133,  to  be  a 
somewhat  different  intensity  profile  in  the  focused  and  unfocused 
beam . 


The  focused  oeatr,  profile  was  also  determined  from  laser  burn 
impressions  in  Luc i te  targets  shown  in  figure  134. 

The  fast  detector,  monitoring  the  entire  laser  pulse,  is 
capable  ot  ’’seeing"  U)  nsec  pulses,  however,  we  ol  served  no  fast 
variation  of  either  hear,  intensity  or  beam  power  with  time. 

b  .  0  MARX  BA:;S1  ;.K  WAV  l.LKNCTtl 

The  previous  beam  diagnostic  data  were  all  taken  with  unfiltered 
gold-doped  germanium  detectors.  This  technique  led  to  s-mic 
ambiguity  in  knowing  the  actual,  total  power  versus  time  history 
uf  die  laser  pul  sc  oueause  of  the  dependence  of  Jetector 
sensitivity  ot  wave  1  eiu.t  h .  In  order  to  resolve  this  question, 
we  placed  a  10. r, -micron  filter  in  front  of  the  detector.  The 
filter  used  nan  a  pass  baud  only  .24  micron  wide  centered  at  10.75- 
mic run  wavelength.  In  addition,  for  wavelengths  less  than  9.7 
micron  less  than  1  percent  transmission  occurrtd.  The  power  versus 
time  osc i 1 loscop i c  data  obtained  were  essentially  identical  to 
those  obtained  m  tile  absence  of  filtering.  A  filter  centered  at 
9.6-micron  wavelength  on  tin  other  hand,  In  front  of  the  detector 
element  caused  no  power  to  l>,  indicated. 

As  a  third  1  iognost ic,  we  used  a  copper  doped  germanium  high¬ 
speed  detector  to  monitor  laser  power  s.nce  it  is  less  frequency 
(wave  1  engt  ■  1 1  u-.  pendent  than  gold-doped  detect  -m’s  .  Again,  we 
obtain  power  v.,:  us  time  data  in  agreement  with  our  previous  work. 
'These  r>_  . ■ .  1  t  ■-  .  i  ve  u.-.  ooniidenoe  th.‘*  the  energy  and  power  measure- 
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Figure  133.  INTENSITY  PROFILE  AT  3.3tisec  (UNFOCUSED  BEAM) 
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merits  are  buth  easily  i nterpretable  as  10.6  micron  laser  radiation. 

6.0  K1SL-TIML  01  LASER  PULSE 

At  a  Marx  Bank  charging  voltage  of  42  kilovolts,  the  initial 
laser  spike  is  approximately  1.4  .  rmes  the  maximum  intensity  of 
the  slower  laser  transient .  In  addition,  the  laser  pulse  has  a 
rise-time  of  about  .  microsecond  followed  by  a  25-microsecond 
decay  as  indicate!  approximately  in  figure  135. 

it  is  found,  in  general,  chat  as  the  Marx  Bank  charging  voltage 
is  increased,  tm  intensity  of  Lhe  initial  laser  spike  rises. 

All  of  t'  exee !  i:,ients  discussed  in  tiiis  report  were  at  a  fixed 
voi  cage  (!  i-acing  to  a  ccrutant  laser  pulse  shape)  of  42  kV, 

7.U  AiTKM.Vk'ks 

In  or  iel-  to  oc v  urate ly  determine  the  intensity  thresholds  for 
igniting  deton, .1  ion  waves,  ve  maintained  constant  as  many  parameters 
of  the  laser  i>e.n:i  and  target  geometry  as  possible.  This  required 
the  use  ot  variable  attenuators  that  reduced  only  the  amplitude 
of  t!u-  laser  pulse  olid  did  not  change  its  shape.  Both  absorption 
ana  rcii.ciin,  * <  mini ques  were  investigated,  A  SE^  absorption  cell 
made  c!  4  -inch  d  i  Lc-r  pyri.x  ami  with  Handi-L'rap  windows  was 
cuiis  true  i  oil  and  tested.  Al  though  the  technique  worked,  we  found 
some  difficulty  in  licking  a  practical  variable  attenuator  which 
could  be  varied  easily  over  a  wide  range.  All  experiments  used 
a  reflect  ion  attenuation  scheme  using  both  multiple  siieets  of  Handi- 
Warp,  c, tc.ii  sheet  reflecting  about  10  percent  of  the  beam  energy, 
and  multiple  siieeLs  ui  iediar,  each  sheet  reducing  the  energy 
by  50  percent.  In  lIij's  way,  v.e  have  good  control  on  beam  power. 

'Ike  a  L  UiiUiiLin  i  placed  between  tlie  beam  diagnostic  KL1  wedge 
and  the  laser  ouLpiii  aperture.  For  each  shol  then,  "exact" 
calibioliun  and  pus  i  l  i  or; ;  ng  of  the  attenuators  is  not  necessary. 
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135: 


An  examination  of  the  far-field  pattern  of  the  focused  beam 
with  various  numbers  of  sheets  of  Handi-Wrap  beam  attenuators 
showed  no  serious  degrading  of  the  beam  quality.  These  measurement 
were  similar  to  those  reported  in  .Appendix,  Section  3,  using  a 
detector  array. 
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